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SABSTR&CT

Ia order U• establish realistic design criteria applicable to
"aerodynamically heated materials and their €c,-lex combinations of
temperature, time and stress exposure and inspection criteria for
materials after exposure te coiIex service conditions, the tensile
properties of 2024-T3 alclad and 7075-T6 alclad sheeot were determined at
room teerature, 200, 300 end J 00 aF after single and sequential multiple

* ex-vosare in the range 250 threogh 600°F. In addition, the Reckwell hardness
properties at room temerature after the above exposure conditions were
deter•ined to provide a basis for inspection of aircraft after service
"exposure to aerodyna=ic or engine heating.

'Five teusile properties were deter-ined for each expcsur-e and test
condition. Three of these, the proportional limit, modulus of elasticity,
and percent elojaetion were tabulated and graphed in a non-dizensional form
to ;enexalize the data with respect to test material variabilityy. Since the
yield and ultirmte strengths determine the load carrying ability, these
tensile properties were analyzed carefully ard generalizations with respect
to exvosure ten•erature and time and testing tezeratu.ze were accomplished.
Statistical calculations were ==de to deterame the a ccuracy of the varicus
analyses. The conclusion was reached that the yield and ultimate strength

Swnalys-s is adequate for establishing design criteria in the range roon
.-temperature through 4001F. after ccm.lex exposures to times from 1-0 to 1000

hours at temperatures fri 250 to 60?!F.

Material, equipment, specimens and procedures are described in detail.

"Test results are presented in the form of tables and curves to illustrate
the effect of the exaosure and test conditions on the mterials under
investig;ation and the effect of norm-a.ization analyses on the generalization
of the data.

7JULICAT10O' AuIN

This recort has been reviewed ead is a&proved.

FOR U-n• CO"&! R:

Chief, X•tals Branch
ikteris!s Laboratory

iA- T .6-5 iii

-- --



TAM.LE OF COMTS

page

III. .&T-rS.IAL . 0 . . .. 0 0 . . 0 .. . . . .. . . 1

Circulating Air £zposure Ftrnaces and Related Equipment. 3
Circulating Air Oven and Relatsd •quipment ....... 4
Aging Block . o , . . o . . o . . .. .. . 9
Circulating Air Testing Arwace and Related Equipent.. 11

-- Temzerature Recorders. .o oc................. 11
5000 Lb. Capacity Universal Testing ;chine . ... .. 11
120,003 Lb. Capacity Universal Testing i4chine . .. . 12
Room Tenerazure Exte5omter. . . . .. . . . . 18
Klevazed Tem-,erature !tmensoaeter. . o ..o. . o ... .. 18
Biardness Tester. . o . o o . . . . o o o o o o . . o . e 18

24PZC4 v o &1o -o -o o o o * o e -* * . o o . 18

Speci=en Preparation .............. .... 19
Unstressed B_ osures . ................. 21
Tensile Testing. . 0 0 . .. 23

.:--. Hardness Testing . . . ................. 25

- 7. ZX31--ZWAL RESULIS .*. . . . . . . . . . . e * ... .a 25

Acchanical Properties Determination. .0. . . . . . . . . 29

Gr-.)hicl. Data . o . o . . ..o. . . . .*. .o. o e * o * 30

VI" V. &3aLYSIS OF R-Mrlso0 00 .... .. . . ... ...... _ 7-"

SAnabysis of Bsic Data o..o.................. 31
"" Analysis of Sequential Tests................. . . 56

-_I- Iz CON-uM Os o... . . .. . . o o o... . . . .. .. .. . . . 67

MVII. B! BLI OGR-zlif .. . . . ... o oo.. o.. o..... ... . 69

Six- AP-MNDIX I oeeoooooeo00000 & 70

S .. . . . . . . . . . . .56- 85.O.



LIST OF I1aiKATIM..i~s

Figure ?a&e

1. Elevated Temperature Exposure Apparatus .hoeing
Circulating Air Aurnaces, Circulating Air Oven,
and Temperature Recorders .... ............... . .

2. DU-AL 1350 Circulating Air Furnace Interior Showing
The Stabilizing Platens Used For The 0.1 - and 1.0 -
Hour Exposures, Tensile Test Speci=ens. and Controlling
end Reccrdin g Ther-ocouples . ............

3- DU-AL 1350 Circulating Air Furnace Interior ShcvinE
Temperature Stabilizing Plates, Tensile Test Specimens.
and Controllinm and Recording Ther-occupies o . .&. . . 7

4. NAI Circulating Air Owen Interior Shnowing Temperature
Stabilizing Plates, Tensile Test Specimens, Recording
_Ther--.occuples, and Controlling Tnerxostats- .......

5. Aging Block Used for 100 Hour Elevated Temperature
Exposures '-ith Temperature Controllin& and Recording
instruzents 10

-4•
-° X.evaeted Tenperature Tensile Testing Apparatus

Mhoving Interior of Circulating Air Test Furnace and
Tensile Testing Assezbly.. .. o.. .. ..... . 13

-. 7. -levated Temperature Testing npparatus Shcuing
Circulating Air Test Furnace. Tensicn Testi g Xzchine,
and •icrofor=er Recorder. ..................... . 14

"o' . Elevated Temperature Tensile Testing Assebly .ncwin
"Extenseter, Tensile Test Specirer., and -in Joint
Laading F'tads . . . . . . . . . ............ 15

9. Modiif-ed Strain Follower Head and Extension Ar"s for

Baldwain Fi-&-8-S Extensa-x-tter ........ ............... l1

10. ?.c•m c= enre Tensile Teo-in• -- - - ------ 1?

11. Tensile Test Szcien (Pin Joint Te...-) ......... .... 20

12. Percenz of Roo= remzerature Ultimate Tensile Stress of
S7073-T -dclad Versus Time-Te=perature -arater. B =

"(20 + LCGio thr.) For Test Tem.zeratures of :tcc=
.- Temperature. 2 ,000 3000F and 4COCF ........ . 33

-- A.

; 5-55

-..: - .- - -. .. -.- -*. -. . . : -....... _



.- :

LIwf OF ITU-7 .- TI' (Cont 'd)

Figure Page

13. Percent of Rocm Tem-erature Ultimate Tensile Stress
of 7075-T6 Alciad Versus Modified Ti-ie-Tesperature
Parameter, 0' - Tol (20+1.46 LOGIo tbr.) For Rocm
Texperature, 200c, 3000? and 4009F Test Teaperat're. - 35

14. Ratio of Ultimite Tensile Stress of 7075-T,6 Clad
Sheet At. Test Temperature After Exposure To U1tixwate-
Tensile Stress of 7075-T6 Clad Sheet At Test Te=-r-
ature After No Exposure Versus Modified Te_-Tmer-
ature Parameter, 0' - To, (20+1.46 LOGIO thr ) For
Roo Temperature, 2000 F, 300OF and 4000F Test--.. Tezperzatures .. .. .. .. .. .. .. .. .. .. . .. 37

15. Percent of Room Teprerature Tw.sile Yield Stress of
7075-7t Alcia~d Versus Modif-ied T-ie-,Tezneratu-re
Parame-ter, 0' . Toj '20 -1.46 LOG-10 thr.) For Roam-

-.. "Temerature, 2000F, 300OF and 1,00OF Test Texneratures. . . 140

"16. Ratio of' Tensile Yield Stress of 7075-T6 Alclad Sheet
At Test Temperature After Exposure To Tensile Yield
Stress of 7075-T6 Clad Sheet At Test Temperature After
So Exposure X Versus Modified Tize-Teserattre
Parameter, Ot - To, (2o+1.46 -LO thr.) For Room
Temperature, 2000?, 300oF and Test Temer-

Satures ..................... ......................... 43

27. Percent of Room Te=-prature Ultirate Tensile Stress
of 2024-T3 Alclad Versus Modified Time-Texperature
Pa--aeter, 9' (T q20+i.46 LOG1O thr.) For Roo,:-.
Tezperature, 210007, 3000? a=4 ;Z400 Test Teper-
ature ....... ..... .............................. 46

18. Percent of Room Ter-onratu-re Ultimate Tensile Stress
of 2024-T3 Alclad Versus M-odified Tize-Tem-erature
Parameter S'~ aToR (2 0+1.3 LOG10o tin) For Roo.mr
Te-perature, 200, 3000? and hCO00 T• ---t- -

9!. Ratio of Ultziate Tensile Stress of 20224-n- Clad
Sheet At Test Teratures Afler Exosure To Ultdiate
Tensile Stress of 2024-T3 Clad Sheet At Test Te_-rDer-
ature After No Exposure X Versus Modified Time-
T-e':e•ature Para:eter, , T pa (20+ 1- 3 LOG--o t-..)

-" For Ro= Teperature, 200)O. 3000F and 4000' Test
- Tenoeratures ...... ............. ............... ..... 51

- WADC TR 56-585 vI

............... * "... ..-.... .. .. "- -7 -- . *.. '"



LIST OF IUJ•STRATIOla (Cvut'd)

Figure Page

20. Perceit of Room Te=rerature Tensile Yield Stress of
202'-T3 A.Iclad Versus Modified Time-Tezperature
-Parameter G' = To3 (20+!.46 LOG1o thr.) For Room
±Temperature, 200OCF, 3000F a-.4 4OOc? Tesz Te-peratures 54

21. Ratio of Tensile Yield Stress of 2024-T3 Clad Sheet
At Test Tezperature After Exposure To Tensile Yield
Stress of 22024-T3 Clad Sheet At Test Temperature After
Io Exposure Versus Modified Ti=--peru•Itue z•a-awer,
0' - ToR 20+ 1.46 LOG, 0 thr ) For Room Temperature,
-2030F, 500F and J,,1 0 Tesz eerqxeatures. ......... 55

22. Percent of Roam Temerat.re Tenaile Yield Str-ess of
202"~T AJclad Vers-as M~odified Time-Tesperature
Pa-zaeter, B; = To3 (20-*.3 LOGJD t•ar) For Rocm

Te-perature, 2000f, _-3c!F am-d 00CF Test temperatures 57

23. Ratio of Tensile Yield Stress of '2024-T3 Clad S~heet
At Test Te-peiratre After Exposure To Tensile Yield
Stress of 2024-T3 Clad Sheet At Test Temperatre
"After No Exposure X Versus Modified Time-Texper-
ature Para--eter, 8'- ToR (20+1.3 LOGIO th.-) For
Room Temperatrre, 2O0O0, 300oF and 40001? Test
Seuipertures .. .. .............. ............. .... ... 59

24. Pzolpýroaasl iAmit in Tension of 2021 i-T3 Ulad Sheet
At -- r oz T erature After ExIsnure To Elevated

- Temnratures ...... ............................ 7.

25. -Pronortional, Liit In. Tension of 2,24-T3 Clad! Sheet
At Foom Tem-erature After Exosare To Elevated

ez-rtures............................. 72

26. Proiostional in Tension of 2024---3 Clad Sheet
A- 200,7F -fter Exoosure to Elevated Ifel•peratures ... ..

27. -?-mportion-al Unit in Tension of 2024-T3 Clad Sheet
At 2C0 0? After Exposure to Elevated Temperatures .. .. ..... 74

- 28. Proportioral Limitt in Tension of 2022-T3 Clad Sheet
At 32)O 0 After Exposure to Elevated Texperatures ....... 75

29. ?roýportional Limit in Tension of 2024-T3 Clad Sheet
At 30CPF After Exposure to Elevated Temperatures. 76

WADIX Ii 56-585 i

.-.-

:"" 29 - ...,;~ ~.r... .- o- - -. i-!. -in enio of l. •-T -*_.* *Shee- ...

....... 0 F . .ter Exosret.El ae T*tre . ... 76~
*.-.-.-: . - - - - - .. : . . . - : . :.. : - .. .- - * ~ -



LIST OF 1LUMIRNTI020 (Cont'd)

Figure Page

30. Proportional Limit in Tension of 2024-T3 Clad Sheet
•At .00.7 After Exposure to Elevated Tenperatures...... 77

-31. Proportional Limit in Tension of 2024-T3 Clad Sheet
-•\ At "4000F After Rmosure to Elevated Temperatures. 78

32. Modulus of Elasticity in Tension of 2024-T3 Clad Sheet
At Room Temperature After Exposure To Elevated Temper-.J . 79'-"atures......................................7

33- Modulus of Elasticity in Tension of 2024-T3 Clad
Sheet at Room Tepnerature After Exposure To Elevated
Te-.rrratures ................ ..................... 80

-34~. Modulus of Elasticity in Tension of 202-4-rTa Clad
Sheet at 2000? Atzer E-•osure to Eleva-ted Te._n)eratures.. 81

./ 35. Modulus of Elasticity in Tension of 2024-T3 Clad

-* Sheet at 2000LF After Exposure to Elevated Teeratures.. 82

- 36. Modulus of Elasticity in Tension of 2024-T3 Clad
- Sheet at 30007 After Exposure to Elevated Temperatureis. 83

- 37- Modulus of Elastisity in Tension of 2024-T3 Clad Sleet
At 300m? After Exposure to Elevated Tezperatures. . . . .8

36. Modulus of Elasticity in Tenrsion 3f 2-324-T3 Clad Sheet
-- A~t 1W00? After Exposure to Elevated Temzperatures. . 85

39. Modulus of Elasticity in Tension of 20214-T3 Clad Sheet
At 4000F After Exposure to Elevated Teriperatures ........ 86

40. Tensile YUeld Stress in Tenslun of 20214-T3 Clad Sheet
At Room Te_--erature AfLer Exposure to Elevated

"41. Tensile Yield Stress of 202V-T3 Clad Sheet At Roc
Tem-perature Afer --Exposure tc Elevated Tv--peratu-ees . . .88

42. Tensile Yield Stress in Tersicn of 2024-T3 Clad Sheet
"At 20C0? Af ,e Exposure to Elevated Tmnperatures. . .... 89

* i43. Tensila Yield Stress of 2024-T3 Clad Sbeet At 200F?
"Af ter limosure to Elevated Te_-peratures .............. 90

"- 44. Tensile Yield Stress in Tension of 2024-T3 Clad Sheet
--At 30F After Exoosure to Elvated Te-erature * .. . 91

WADC TR 56-585viii

,-,..- . ..- -......- , ... -. .. -. . - . - . . . . .. ._. .
-.-. ,.......-- - - - .- - -- -..- .--.- .- ..--.-.-. -.--. * ..-- -- - -- .-.-. ...- .-.-.-. . --.. - .- - ... .. .-- • -j j -: -- * . - .. •.: : 2.-.- *..-.. . . . . ...- . ." . .--- . . ..-....-. ..:.. . . . ...-. .---..... ... '.-" : "...-...'.:

- - - - - - - - - - - - - - - - - ------ . _,==. •,m = , =~ ,_ , _m • • = • =. "-- "- - - -- . "-"- - "-- _ - ,



LIST OF ILLUJTRA0TIO (ConVtd)

Figure Page

i45. Tensile Yield Stress of 2024-T3 Clad Sheet at 300°F
After Exposure to Elevated Temperatures ............. 92

- :-: 46. Tensile Yield Stress in Tension of 2024-T3 Clad Sheet
-_ At 140°F After Exposure to Elevated Temperatures ..... .. 93

I.47. Tensile Yield Stress of 2024-T3 Clad Sheet At 400°F
After Exposure to Elevated Temperatures . ........ 94

48. Ultimate Tensile Stress of 2024-T3 Clad Sheet At
Room Te=perature After Exposure to Elevated
Terperatures. .. .. .................. .................. 95

49. Ultimate Tensile Stress of 2024-T3 Clad Sheet At Room
Temperatu-.i. After Exposure to Elevated Temperatures . . . 96

50. Ultimate Tensile Stress of 2024-T3 Clad Sheet At 200oF
After Exposure to Elevated Temperatures . . . . . . . . . 97

51. Ultimate Tensile Strez: :zf 2024-T3 Clad Sheet At 2W00F
After Exposure to Elevated Temperatures .............. 98

"52. Ultimate Tensile Stress of 2024-T3 Clad Sheet At 3000F
After Exposure to Elevated Temperatures ............... 99

53. Ultimate Tensile Stress of 2024-T3 Clad Sheet At 300oF
I fter Exposure to Elevated Temperatwres ............ . . 100

"5. Ultimate Tensile Stress of 2024-T3 Clad Sheet At 400oF
After Exposure to Elevated TeperatUres . . . . . . . . . 101

55. Ultimate Tensile Stress of 2024-T3 Clad Sheet At 400oF
After Exposure to Elevated Temperatures . . . . . . . . . 102

;)56. Eiungaticn in Tension of W24*-T3 Clad Sheet At Room
Temperature After Exposure to Elevated Teqperatures . . . 103

57. Elon-ation In Tension of 2024-T3 Clad Sheet At Roam
Te-_nerature After Exnosure to Elevated Te--meratures . . . 104

58. Elongation In Tension of 2024-T3 Clad Sheet At 200°F
After Exposure to Elevated Temperatures . . . . . . ... . 105

59. Elongatlon in Tension of 202,-T3 Clad Sheet At 200OF
-.-After Expore to Elevated Temnperatures ......... 106

WA-X T' 56-585 ix
-* -

.g" .



-s *M

diecoi r--cItico ;--d blvrt cc=. 7hey decompose a!=--.
inwUt=0=acts]Y Ti~tt-- tby eitresmeL r.Mid Co~bMiStiM. M' Vj

rttoa4d .eragetOf the AOISC1usS UM!MaTOvS. In ! h--
came, gsa~to AMSoz sold prcducts of raactioni we produecr.A The
disru-ive effect of tb& reaction makes *L Wzt *xIcIiei1cs va1wbis
as a iyrtw n_ chraz-es b-.A prane SUi me as u, -oLjpeant
baca-us tne u-sesa aez form3d so quickI7 tbat szoesaive pmssa-.
are dmloqped vnich- wald 14-smaiy b~wst the bari1 zf the vsapon.

The UnIifti tesastore a.n *JFO~ire at~ 2tix
w121 begin vitWA a specified time peziod., r--3ly of fiie cocds.
In the case of bigjA s=11ouivez deflag&tium takes placce so qcIckWy
as to produoe a dutcatioi.

A subrat-an-ce iudch Is ±iitrodad ir-to an explosive =amou.ms
to st-OP cr depreas undeeiabie cbesdCa1 zeaw-uis daring xtoarar%
cr to redice the- rate =f chaicsl reacticci zp explosion.

39e MROPMEIANT

ZAJR DMIfNMM

See SWD --W-X



LIST Of ILUSTTIMfo24 (Cont'd)

Figu•re Page

"60. Elongation in Tension of 2024-T3 Clad Sheet At 300OF
After Exzosure To Elevated Ten-meratures ............ ... 107

01. Elongation in Tension of 2024-T3 Clad Sheet At 300°F
After Exposure To Elevated Temreratures ............. 108

62. Elongation in Tension of 2024-T3 Clad Sheet At 400OF
After Exposure to Ele-.ated Tezperatures ............ . . 109

::-63. Eln~gation in Tension of 2024-T3 Clad Sheet At 110O0F
After Exposure to Elevated Te~reratures ............ . 110

64. Proportional Limit in Tension of 7075-T6 Clad Sheet At
Roam Te-rzerature After -imosure to Elevated Teroeratures. Im

65. Proportior-l Limit in Tension of 7o75-T6 clad Sheet At
Boom Tezperature After E2rosure to Elevated TerTer.tures. 112

66. Proportional Ui•t in Tension of 7075-T6 Clad Sheet At
2009F After Exposure to Elevated Terperatures . . . . . . 113

67. ?rprinlLimit in Tension of 1075--T6 clad sheet At
200F? After Exposure to Elevated Terperatures . . . . . .1-

68. Promortional Li-it in Tension of 7075-T6 Clad Sheet At
30-OF After Exposure to Elevated Te-re-ratures .......... 115

69. Proportion-al "•i-it in Tension of 7075-T6 Clad Sheet At
3GOO? After Exýosure to Elevated Terneratures .......... 116

70. Propor•tona! Limi t in Tensica of 7075-TE C'ad Sheet At
4000- After Exposure to Elevated Te -arawres . . . . . . 117

71. Proportio-al Limit in Tension of 7075-T6 Clad Sheet At
---. - -- + - -eope+=timp,% 118

72. Modulus of Elasticity in Tension of 7075-96 Clad Sheet
At Room Te_.rnerature After Exposure to Elevated

_ Tez-peratures. ........ .................... . . . . . 119

73. Modulus of Elasticity in Tension of 7075-T6 Clad Sheet
At Roon Temperature After Expostre to Elevated
Te_-rneratures .......... ...................... 12D

-- 71 i. Modulus of Ela3ticity in Tension of 7075-L Clad Sheet
-.At 20F After Exposure to Elevated Termperatures. .. ..
At 203 1

- - - - -- *. .



LIST 0? ILUBSRATI0NS (Cont'd)

Figure page

175. VMdulus of Elasticity in Tension of 7075-T6 Clad Sheet
At 200OF After Exposure to Elevated Te•-peeatures ... . 322

76. Modu'lUs of Elasticity in Tension of lo075-T6 Clad Sheet

At 3000? After Exposure to Elevated Tezperatures . . . . 123

77. M-odulus of Elasticityi in Tension of 7075-r6 Clad Sheet
At ':0O0? After Exno,-ur- to Elevated Texeratures .... 124

"78. MOdulus of Elasticlty in Tension of 7075-26 Clad Sheet
At '00?c After Exposure to Elevated Te=peratures . . . . 125

'7 7.o. oduius of Elasticity in Tension of" 7075-T6 Clad Sheet
At 1•O°F_- After Exposure to Elevated Te-rperatures . ... 126

3o. Tensile Yield Stress of 7075-T6 Clad Sheet At Roca
Ten=Perature After Erposure to Elevated Tewperatures. . . 327

81. Tensile Yield Stress of 7075-T6 Clad Sheet At Rc,_
Tep--perature After Exposure To Elevatet Te4peratures... 328

82. Tensile Yield Stress of 7075-T6 Clad Sheet At 9000p
"" After -Exposure to Elevated Tezperatures. .]........... 29

83. Tensile Yield Stress of 7075-L6 Clad Sheet At 20°O'p
""J Alter Exposure to Elevated Terperatures. ........ 130

S1. Tensile Yield Stress of 7075-T6 Clad Sheet At 300OF
After Exposure to Elevated Te=peratures ..... ......... 131

85. Tensile Yi-eLd Stress of- 7075-T6 Clad Sheet At 3000?
After Exposure to Elevated Terperatures ...... . . . . 132

86. Tensile Yield Stress of 7075-T6 claz Sheet At 1,00F
After Exposure_ to Elevated Te=peratures ..... ......... 133

87. Tensile Yield Stress of 7075-T6 Clad Sheet At 40O"F
After Exposure to Elevated Te=_eratures ..... ......... 13

, 88. Ulti-_te Tensile Stress of 7075-T6 Clad Sheet At Rom
Ten-_erature A'fter Exposure to Elevated Te=peratut s... 135

"89. UltiLte Tens*le Stress of 7075-T6 Clad Sheet At Roca
-. Ternrature After Exposure to Elevat. -.t ý e-peratures. 136

*9 90. Ultimte Tensile Stress of 74C15-T'6 C!,• sheet At 20O•
After F•--osure -o Elevated Tep-Tratu.es. ............. 137

14ADC--56-585 Xi



-------- -- - ~ --

L= OF ILUOAMMO•I Cont'd)

FigurePage

91. matimate Tensile Stress of 7075-1T6 Mlad Sheet At 200°F
After Exposue to Elevated Temeratures. . ....... 138

92. ulti=ate Tensile Stress of 7075-T6 Clad Sheet At 300°?
After Exposure to Elevated I etres . . . . . . * . . 139

93. Ultimte Tensile Stress of 7075-T6 Clad Sheet At 300OF
After Exposure to Elevated et . . . ... . . . 140

94. Ultimate Tensile Stress of 7075-T-6 Clad Sheet At W00oF
After Exposire to Elevated Tezexatures. . . . . . .o I.I

- 95. Ulti=,te Tersile Stress of 7075-T-6 Clad Sheet At i400)F
After Exposure to Elevated Temperatures. o . . o .. . . . 112

O-. Elog•ation in Tension of 7075-T6 Clad Sheet At Roca
Teperature After Exposure to Elevated Temperatures. . . . 13

91. Elongetion in Tension of 7075-7-6 Clad Sheet At Roam
Tezperature Atter Exposure to Elevated r tues . . . 144

98. Elongation in Tension of 7075-T6 Clad Sheet At 2000?
After Exposure to Elevated TaPratures . . . . . . . . 145

99. Elongation in Tension of 7075-T6 clad Sheet At 2000o
After Exposure to Elevated Temperatures. . . . . . . . . . 1.6

100. Elongaticn in Tension of 7075-T6 Clad Sheet At 3000F
After Exposure to Elevated Teperatur . . . . . 147

101. Elongation, In Tension of 7075-6 Clad Sheet A300
After Exposure to Elevated Temperatures ... ....... i78

- - ~102. Elna ioIn Tension of 70754-T6Clad Sheet At 'ioo0
Af-ter Exposure to Elevated TA aue. . . . . . . . 1119

103. Elogegation in Tension of 7075-Tf ClM Sheet At 100?F
After Exposure to Elevated e tu'es .......... 150

EA). Rcckvel- Butness Versus Tensile Yield strength
of 2024-T3 All•u. . .oy ................. 16 3

105. Rockwell Bardwess Versus Tensile Yield Strength
of 2D2-T3 Alumina Alloy . . . . . . . . . . . . .. . 16k

106. Rockwell B Versus Ultimute Tensile Strength for
2021.-T3 Abmiwu Alloy . . . . . . . . . . . ....... 165

wAD 7R 56-585 X.l



P.'Z

IJ"3T OF MIESTRTIMNS (Conatrod)

107. Rockwell H Versus UIPtimate Tensile Strength for
"- 2024-T3 Aluminum Alloy ......... 166

"--108. Rockwell, Hardness Versus Tensile Yield Strenguh
of 7075-T6 Aluimi AnLloy . ..

109. Rockwell Hardness Versus Tensile Yield Strength
of 7075--T Alu 6ma Alloy ................. .168

lie. Rockuell B Versus Ultimate Tensile Strength
for 7075-T6 Alunu Aloy. . . . . ........ . 169

Ill. Rock'ell H Versus Ultimte Tensile Strength
- for 7075-T6 Alu•i• m Aly . l.y......... . . 170

--1

•-S

-:--

~Ac 7H• 56-585 L

----



- -. -" -

SLIST (F TAB!Z

Table Page

Si. Strain Calibration Data ........ 27

HI. Lcad Calibration Data ..... .. . .. 28

Iii. modified Larson-Miller Parameter fLor 7075-T6 Alclad,S"=Totr (2o 4- 1.46 LoGio tbr.) . .. .. .. .. . .. 34

IV. Statistical Analysis of Ultimate Tensile Stress of
7075--6 Alclad Versus e' .............. 36

V. Statistical Analysis of nor=allzed Ult._oate Tensile
Stress of 7075-r6 Alclad Versus 6' .......... 39

Vi. Statistical Analysis of Temsile Yield Stress of
7,075-T6 Alc-Rd versus e'.. .......... .......... 1

"VII. Statistical Analysis of Ifor-lized Tensile Yield
Stress of 7075--6 Alclad Versus 0'. ............. .4

_ VIII. Statistical .Analysis of Ultimate Tensile -Stress and
Tensile Yield Stress of 7075-T6 and 2024-T3 Versus

"L'z Tor (20 + 1.46 LOGIo th"..) ............. . . .. .7

"- - IX. Modified Larson-MFiler Parameter for 2024-T3 AJz1ad,
0' = Tor(2O - 1.3 LOGIo thr.) ....... .. . . 8

X. Statistical Analysis of Ultrte Tensile Stress of
"202Z-iT3 AlcWad Versus . .-.. . ............. . . .. . 50

"XI. Statistical Ana•ysis of Nor-alized Ultimate Tensile
Stress of 2024-T3 Alclad Versus 0' . . . . .. . ... . 52

XI-. Statistical Analysis of Tensile Yield Stress of
2:2:•o -T3 Alcl-Ad Vereus '. ........................ 58

XIII. Statistical Analysis of Niormai~zed Tensile Yield
Stress of 202'-T3 Alcled Versus 0: ............ . 60

MIV. Sequential Eposurxe of 7o75-rT6 Aiclad ...... . ... . 62

"XV. Sequential Exposure of 202-T73 Aiclad.... . . 6.

XVI. Analysis of Sequeatial Exposure of 7075-T-6 Alc:lad
And 2c24-T3 Alclad ....... .....................

WAX77 TR 56-585 xiv

/ -::--" ~~~~~~~~~~~~~~~~~~~~~~~-----::-::----:•--• -- :--:--,---: --:::•----;-:-: ? - -".------Y-: -:"_-".----- ---- :--



Table Page

XVII. Tensile Properties of 20214-23 A'Icld Sheet At Romz
An Elevatted Teme-ratures Affter REx~osure at
El-evated T erneratur~es .. .......... .................... 151

xv-iiI. Tensile Prop-erties of 7075--t6 Aidead sheet -It Rom
a -- *And Xlevated Terp~eraturres After Exp~osure At

Elevated Termeeraturmes........ ... . . ..... .. .. .. .... 153

XIX. T ensile -Properties of 202l4-T3 andA 7075-T6 Aideld Sheet
A - Rocra adA Mle-ate Tempertures Af~ter a Se-quene of 5Expuosures at Ellevated Te=-eratures..... .. .. .. ........ 5

XX. Tensi:lt 30_oýertties of 20'2*4-T3 and 707"LT Aidead Sheet
* .At Room and MEnevatted TLer-peratures After An Additional

Sequence of Ernosures At Elevaited Tex~eratures. .. ...... 156

XXI. .Rocm Terperatture Rockwell Eardness at Co64' Gage 2024-T2,
.". Sheet Aft~er Various Te=pe-rature-Tire Expoure

Conditions. .. ........ ................................157

XXI. Rocm Te-meratue Pokre'fl Erdness of .064 CGage (075-T6
A'11cladd Sheet Af-ter Varicu- Terpe~rature-T~iie Exoposurre
Conditions. .. ........ .................................60

XXII. Results of Tensile Tests of 2024-73`, Aidead Sheet At
Room and Elevated Te.-peraturees After 0.1 end-- 1.0 Hour
7-posure At Elevated `T, eaue............171.

MXIN. Results of Tensile Tests of 2024-T3 Aidead Sheet At.
Rom and Zeleated Terme-ratures After 10.0 and 100.0 1f4
Eours Exposurxe at Elevatted Terpermtatres.... .. . .......

TAN. Re.sallts of Tensile Tests of 2024-TE3 AlIded Shzeet At
- -Romn and _'levated- ¶empe-ratures; After 1000 Houar3

- - Erosure Att Blevatted Teper~ertures...... ... . .. .. . . . ...

XXVI. Results of Tensile Tests of 209-4-T3 Aclcd Sheet At
*Ro= and E1 evmted Te:.ne-ratures Afteer a Seoi*.ence of"

-xnosu-es at- Elevated Te~ertures .. .. ...............

XXvII.i.R_,esults oz- Tensil-e Tests of 2m24-T3 Alclad Sheet At-
* R-tm am, Elevated Ter-peratures After an Additicnal

Sequence of Exposurres A,.- Elevated Te.-n -rature . .. ...... 179

XXVIIII~. Result.5 of Tensile Tests of 7075-T6 Alcded Sheet At'
Rom~ an-d Elerx.ted Tezpem-tu~rez: After C.1 and 1.: 1
Bour E-ixporures at Elevuated Ter_?erat&,ure.... .. .. .. . .....

WADC 7R 56-5835



LIST OF T&MB (Contad)

-717able Page

XXIX. Results of Tensile Tests of 7075-T6 Alclad Sheet At
Roca and Elevated Temperatures After 10 and 100 Hours
Exposu-e at Elevated TeEperatures. . . . . . . . . . . . . 184

- XXX. Results of Tensile Tests of 7075-T6 Alclad Sheet At
Boom and ravated Tempertures MAter 1000 Hours
Exposure At Elevated Teeratures. . .. .......... . i87

XXXI. Results of Tensile Tests of 7075-T6 Alciad Sheet At
--- Room and Elevated Texeratures Atiez a Sequence of

E Eosures At Elevated Temer s 0 . . .. . . . . . *. 189

XaXiI. Reesults of Tensile Tests of 7075-T6 Alciad Sheet At
Roam and Elevated Texperatures After An Additional
Sequence cf Expczu; at Elevated T-eatures. . . . . .. 191

"XkMII. Room T pture Tensile Test Results of 202-T3 Alclad
"Sheet For Cusrison with Elevated Teperature Results. .. 193

IvXXV. Room Tea peature Tensile Test Results of 7075-T6 Aiclad
"Sheet for Ccompison with Elevated Tesqerature Results... 195

WADC M %6-585 xvi

- - - - - - - - - - .**..

, -°.- - - - - - -

* -..-.-. " --.- . . . .-.- .. :- c :-2 : I.



=P ?r&7T IES TC= AiRCm;:' ;±CTHL ,AL YT3I
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.' Z_ tiri -17

_he extension of airc_-afiz operatig eet into the aer E C m.i-c neating

"--*Z regio= presezts a- extens-ive and i••_rtant rned for..-_orr.aioa relatiag the
cfflrc-.s of servi~ce teEDeratzure-tLme-streess hi-tOries; zo th-e rz-eChaaical
properties of _eza22ic naterials. --erefore, this irnes=igation was estab-
lished A-)h.C by Zontract 17.333(61-16t-3C- . 95 to obtain such
-i-for~tion for aircraft design and inspection pu-_oses.

1o test aircraft metallic anterials under all of the complex and chning
ccmbninaticns of te-merature, time and stress to which aerodrymamically heated
parts are subject-ed would bee time consuming and econcrically unfeasible.
However, it is feasible to sampmle through the range of temperat.ure, time and
Sstress e&ected during supersonic flights and frcm the tests pe-rformed deduce
gemnzalUzations applicable to all combirations of the above variables.

Tk- ±-nvestigation consequently was limited to simnle multiple temperature-
-.ime exposu-e seauences followed b tensile testing at roox and elevated

te.• eratures. Tests to include the variable of stress were not included in
this tarogram but are conte•mlated as an extension of the program.

The objectives of this investigation were specifically to (1) determine
the tensile properties between room temperature and 400F and the room
texpe-ature h ardess of two aluminum alloys after single and inaIti-ple exposures
in the range, room temerature through 60OoF and zero through 1000 hcurs,

•-- (2) tabulate the data and plot the properties versus exposure time for various
exposure and testing tezperatures and exposure temperature for various exposure
times and testing temnreratures and (3) draw ccnclusions rega-ding limits for
prediction of mechanical properties under ccplex temperature-time conditiors
frcu the relationships obtaiined under the simpler test conditions.

.- Y.

To .C-6" gauge, 48' x 144' sheets each of the metallic materials,
2021-T3 alciad aluminum alloy, specification QQ-A-362a, and 7075-T6 alciad
aluminum alloy, sprecification QQ-A-287 'were used for all tests of this program.
"For each alloy the sheets were selected from a sinlre lot of material taken
at randca from stock in the production warehouse of Northrop Aircraft, Inc.

- From one sheet of each alloy verification tests of the roo temperature
* tensile properties and chemical ccuposition were determined. The properties

were found to be within the limits of the applicable specifications as ahown.,• hbelow,.

M-anuscript released by aut•ors 20 December 1956 for publication as a HADC
* Technical Report.
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ALLOYM~ ELa4EI'S PERCENT

Cu Mg Zn Mn Cr Fe Si Ti

2024. (Cote Material)

Verification Test 4.12 1.64 .10 .67 .01 .23 .13

q -A-362a Limits 3.8 to 1.2 to 0.10 0.3 to 0.25 0.5 0.5
4.9 1.8 Max. 0.9 MAX. Max. YAx.

7o75-T6 (care material)

Verification Test 1.56 2.72 5.17 .026 .25 .39 .16 .07h

q .,-2A-7 Limits 1.2 to 2.1 to 5.1 to 0.03 0.18 to 0.7 0.5 0.20
2.0 2.9 6.1 3AX. O.1.0 Max. YhX. Max.

TENIL PRMWMIRS

l Yield Steegnm Ultimate Strength Elongation
psi Dsi 5 in 20 g.l.

"2024.-T3 Alclad, .06• --a.e

Verification Test 43 ,700 67,500 20.0

QQ-A-362 Limits 010,000 mix. 62,000 min. 15 min.

7075-T6 Alclad, .x63 gauge

Verification Test 66,800 77,000 11.5
--Q-A--27 Limits 62,000 min. 72,000 mai. I amn.

S56-585 2,j.-j-
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7EST EQUIPMENI

The apparatus used to perform the experimental portion of this investi-
gation consisted of:

(1) To-o furnaces, one oven and one aging block for unstressed
exposure of tensile specimens to elevated teperatures
prior to tensile testing.

(2) A furnace for exposure of tensile specimens to elevated
temperatures while tensile testing.

"(3) Two universal testing machines and associated equipment
"for tensile testing of specimens.

(4) T=ree potentiometer type multi-chanrel e ture recorders,
for multiple, continuous exposure and testingte erue
records.

(5) A Rockwell hardness tester.

. The exposure and testing equipment utilized in this investigation are
shown in Figures 1 through 10.

Circulating -Air Exposure Furnaces and Related Equipment

For unstressed exposure of tensile specimens, two Pacific Scientific
Co., Du-Al 1350 furnaces shown in Figure 1 were utilized for all exposure
times. These furnaces are of the circulating air type with fan located in
vertical rear wall of working chamber and heating elements in vertical side
wa!ls, shielded from working chamber by double sheet metal baffles. The fan
blows air to front of working cha•ber and then between baffles and heating
elements back to fan where it is mixed and recirculated. Insulation is
provided by lightweight, high te, insulating brick. Working chamber
is 15.5 x 11 x 14 inches in height, width, and depth respectively. Rated
electric power input is 5 kv maximum, rated tenerature range is 2XOF to
-'1350F. Tezperature control is by a calibrated C-A 20 guage solid wire
theraocoupie lgcated in air at center of working chamber and two and one-half
"inches beelaw top fUrnace wall.

The control system includes a Wheelco 407 Capacitrol stepless propor-
tioning indicating controller with a zero to 16000? range, a Wneelco 610
magnetic amplifier amd a Burton 5 Kva saturable reactor. The control thermo-
co'-c le voltage is fed into a galvan=eter, the pointer of which indicates
texp-erature. A vane carried by the temperature pointer acts as a valve for

- the heating control system. As this vane approaches the set control point,
it starts to pass between the pickup coils of a single tuned grid, tuned
cathde oscil0Ator. The oscillator is designed to give maximm oscillation
when the vane_ is at or above the set temperature control position.

% W-A-D- TP 56-555 3
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Proportionally less and less oscillation occurs over a band of tezperatures
below the set control position as the temperature difference between the vane
and set control position increases. The action of the oscillator controls the
"output signal voltage of the 407 controller. Maximum oscillation gives minimum
signal voltage snd vice-versa. The signal voltage is fed to the 610 sagnetic
amplifier (pilot reactor) where the signal power is boosted sufficiently to
provide the strong magnetic field necessary to saturate the Burton load reactor.
When fully saturated due to maxlzmm control signal power the load reactor
delivers maximum power to the heating elements. Conversely, minimm power is
"delivered to the heating elements when the load reactor_ has uinimam saturation,
i.e., hten minimum control signal power is received. Rated accuracy of the
h407 controller is 0.25% of full scale texerature range. The input voltage
to the control system is stabilized by a voltage regulator to prevent drift
in the temperature control point.

To provide a more constant exposure temperature and a greater rate of
approaching exposure temperature for the tensile specimens than are possible
with air contact, specimens were placed on metallic plates within the above
furnaces. For 0.1 and 1.0 hour exposures the double platen heater shown in
Figure 2 was used. These platens were designed to provide a constant temper-
ature heat-sink during the insertion and removal of specimens fro= the exposure
furnace. In addition, as the result of being sandvicbeed between the platens
"the specimens approached and reached the exposur temperature in less than 30
seconds permitting close control of exposure time. Essentially, the platens
are two large masses of aluminum and steel which are heatee by the furnace to
the correct exposur temperature. Each platen is solid alumnm= block, 2.75 x

- 9 x 13 inches, surrounded on five sides by .375 inch steel plate. Due to its
- -:lover heat conductivity as cospared to aluminum, the steel plate is used to

reduce heat losses in the platens during periods of loading and unloading.
specimens. The mating surfaces of the platen are aluminum for good heat
conduction during exposure of specimens. The upper platen is lifted as needed
by a detachable lever arm.

For the 10, 100, and 1000 hour exposures in the above furnaces the

-texpeature stabilizing plates shown in Figure 3 were used. These plates
also provided a constant temperature heat sink for the specimens, and the
somewhat longer time tc reach exposure temperature is negligible in relation
to the exposure times.

- Circulating Air Oven and Related Eouipment

This oven, shown in Figures 1 and 4, -as constructed some years a6:
by Northrop for elevated temperature use up to 50O0F. it is of the circu-
lating air type with external fan which blows air throt•gh a duct into the
"bottom of the work chamber through the rear vertical wall and exhausts the alr
at rear of top •all into the return duct. There are two separately controlled
"electric heating units: a 2.1 Kv finned unit located in the inlet air duct;
and 4 1.25 Kv unit on a vertical baffle near the rear wall of the working cha=ber.
Insr•!•tion is provided by transite sheet arn glass wool batting. Working area is
2 0 S 31 x 15 inches in height, width, and depth respectively.

WADC 5R 56-585 4
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A renval thermostat, located at upper left corner of vorking chamber, controls
the 2.1 Kv beater. A Chromalox #AR-5524 sealed mercury type thermostat

* coatrols the 1.25 Kv heating unit, and the sensing element of this thermo-
- stat is centered in front of the vertical baffle at the rear vail of vorking
• chamber.

Temperature control of the air in this furnace is rather poor with about
2A0? variation about control point after stabilization. However, setal to

metal coutact of specimens between the aluinnm, plates of the fixture shown in
Figure 5 reduced exposure te-_erature variation of the speciens to acceptable
limits. This fixture has provisica for raising and separating the individual
plates to per•it Insertion of specimens between the plates.

T: Ths ftamace waa pressed into service for 10 and 1W hour exposures during
the sequential exposure tests vuen it vas found that at least three furnaces
uere required to permit time for temperare stabiliation of furnaces.

As an alterinte third specimen exposire fiurace during occasionai break-
"down and repair of saw of the above fu-rces, the Comet Model 600 laborator--

.- agi block shown in Figure 5 vs usea for some 1W0 ho speciLmen expomures.
"This block consists of a solid precision machined b•lck of aluvmin about 18
inches in diameter 9nd 15 inche high vith 13 volls, each open at the tUp.
,ie velis are 1.75 inches in diameter and 31 inches deep. An alunmim plate
ccapletely covers the bottom of the block and is removble for ease of main-
t-renance. The "oells are symmetrically arr 1 :in the blcck on a 10.5 inch
centerline dimeter. Five 500 watt, 220 volt, 60 cacle beater cartridges are
arranged syintricafly in holes in the block on a five inch centerline diameter.
Unit is designed for close t Rte control frce !00F to 6oo'0F. %nufacturer
is Product Packging Engineering , Culver City, Caornia.

-- To temperature controllers in series with each other and vith the hat-
"ing cartridges are used for control. A Fenwal Thermostat, Model 17352., located
in a hole in the_ center of the agin block, is set slightly higher tban the

- - operating tepratre of the artlow imstrument amd acts as a safety instrunt
to pre-_at te•eratare override in case of ,al-ntion of the Part.L % nst-a-
.ent. The Partlow indicating S _-_erature C=ntrol, Model S18R 6UPUO1, cotrols
the tezrerature of the unit. It is a mercury bulb, imp.lse type, proportionin-.
"ther-ostatic control incorporating a stiff-leaf sprieg attached to a switch as

" -the pronportioning device. The spin-g-switch is attacheed to end folio-s the
-*- •-ornent of the block eerate indicating Painter ara. This poimter a&n is

=-ved up or down the temperature scale in resnse to the expssion or ccntrac-
tion of the mercury bulb sensing element. As the pointer appoa ches the control
.ropartioni band, the -witch approaches, as coastantly turni-mr caM. At the
lover edge of te -ropLortioaig c&ntrol band, Lte su-wch Contact' t•-e hig pot
of the ca= and opens fo a ver- short time each cycle. At upper eke ot the
proport•oning band t1he switch is opened for all of the cycle and p-er is fur-
nisbed contim-aly. The control point vill be at sce tepe-rature .- t,-bin the

* proportioning •and dependimg on the power required to Just maintain a cGnstant
texperature. For this instrument, wideh of proportioning "-nd is

-5.
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5OF: Scale range is ]00-650°F; le voltage is 220V, 60 cycle. The
Partlov instrument ekcury bulb is located in a hole in the ag block
between two of the wells.

Circulatin;g Air Testing Furnace & Related iuipmen,

T•e Pacific Scientific 7168202DAS Testing furnace vs used for all
expe sures of tensile specimens during tensile testing. This furnace, shovn
in Figure 6, is of the circulating air type with fan located in vertical rear
V.a.. of orking cbanber and heating elneents in verticaL side walls, shielded
frca vorkixg caxber by double sheet metal baffles. The fan blows air to

":'- front of working cbazber and then beetween beffles and heating elements back
to fan Vher-e it is mixed and recirculated.

*: . insulation is provided by lightweight, high t ture, insulating
brick. Working cbamber is 20 x 7.5 x 20 inches in height, width, and depth
-respetively. aited electric pler input is 7 k m Ratedrange is 2O0cL? to l000cF.

Temperature control is by a calibrated C-A 20 gauge solid wire the=z-
couple located near test specimen in working cbamber. The te)erature control
instru"ent is a Ninnespolis-Honeyvell Brown Electronlk recorder, O-I200°O
range, with an Electropulse time proportimilu relay. By proper adustent,
this control turns the beater power on And off in a series of pulses, varied

'I1 so that the temperature coatrol position is aproached at the optim. rate
and reached without overshooting. Overall calibrated accuracy of the
recorder is 0.25% of full scale temperature range.

Temperature Rcorders

Three Brown Eiectrenik p*Anticmeter type strip chart terature
recorders vere utillzed to record temperatures during specimen exposure andtesting. These ins--nts are equiped vith one second, 12-point inting
"wheels and an additil timer to permit recording for 30 seconds every 30
",inutes during 10, Io and 1000 hour exposure periods. Continous 12 point
cycle recording was used during the 0.1 and 1.0 hour exposure tests. Each
recorder bas a rated accuracy of 0.25. of full scale texperature range. Ti-o
of th reodr hiave a I-al scale of 0. to WOO andth a -"----2 or5F
Thermocoi.les used with the zecorders are 20 gage solid I-C (B-S) wire,
.calibrated at orthrop by crison with secondary standard therocOuples.

50t)0 lb. Capacity Universal qTesting Nachine

The Baldwin--ate-Emery, Model ?ITE, universal testing machine of 5000 lb.
= a•-.. capacity shown in P-gure 7 vas used for tensile test in all but

-• he last series oE sequential erxusure tests (Tables ---. I & fLI). This mahine
incorporates an E&ery hyd-raulic -aid measuring cell and a Tate-Imery hydraullc-
pneumatic load indicator. The load indicator has four ranges 5000 lb.,

04 @ 1000 lb., 200 lb., and 50 Do. However, only the first two ranges were used.
.hese ranges are rated to bave an error less than 0.5% of load reading or one

WADC M 56-585
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division., whichever is, greater. The least scale divisions are 5 lb. for the
5000 lb. load indicator r-ange and 1 1b. for the 1000 2b. range. The Machine
is capable of loading in either tension or compression.

Loading PAns strainiag occurs weth rsba are se~parated by the
meCbanICa2. power system. Str-ainimg croasb'ead is driven by two ScresVb whchL
are rotated by a gear drive. The gear drive IS powered by a DC motor (on
ri) through a two-speed chain drive transmission. Variable crossbea~d
separstion is provided tbrcmgh electronic coatrol of the powr input 'to the
DC motor. Any setting of the speed control rheostat Provides AL coustant
rate of crosahead separation at that setting. Crosshead separatioa rates
are stepleasl~y variable in two ranges,, 0.0025 to 10 I1che per minute or
0.005 to 20 Inches per- Smnte.

For tesl testing hemi~spherical self-adijusting loading smats in test
machine crossbeads ewaect, to hig tu erte extension loading rods., pin-

*gJoint specimm loading heads and tensrle specizena. Figures 6, , 08, 9,v
* and 10 show details of specime loading assembly-

To gcraph lMad versus, strain this uachine incorporaites a Bladmia MI-i,
* uidcroformer type recorder as show in Figure §~. The pen. of tbis recorder

is attached uh icljto the load indicating pointer of the machine to
record load. The recorder dr:awidth graph paper rotates in respamo fto &
strain follower extensmwter sims] to record the strain in a tensIle

-4 asp~en. leiunmn load division on recorder graph Is 0.01 of recorder load
razge-. Graph record is on a azu permitting a uxmeim chart lewQt of 12
3mches f cr strain recording. Possible strain record gmfctim ith

-: either the Baldwin ITS-5K or PSN-80 stmi~n follower (eXteRSOMIter) are
25D-.1, 500:1, and 10000:1. During this pGullm3y the 2-50:1 ingifCati
with a ninlum graph division of 0.0004a Inc strr~n us utilized.

Figure 6 shows a typical test assembly In. the rvaruce.

* 120.,000 lb. gggSacit Universal Testing Machine

A Baldmia-Tate-Reery Universal testing Machine of 120.,000 lb. Lxmma
capacity was used for the last series of sequetial exposfure tests is this
prograa because of repairs and alterations to, the 5000 lb. capacity nchine-
?his machine incorporates an Emery hydraulic load masuring cell and a Tate-

ery hydraulic-pneumttc load indicator. The- load indicator has three
ranges 320,000 lb., 24&,000 lb., and 6,000 lb. Only the lowest load range.
vas used. This range has a least division of 5 lb. and a rated miinw
error of 0.5% of load or 0.10% of range, whichever is the greater. The mcwaiu
is capabl.e of loading in either tension or compressioa.

ras of the hydraulic power system. The rate of crosshead separation is
controlled bpy two, hydraulic valvre;, one for loading and one for unloading the
crrssheads. Crossnead se-paration rates are steplessly variable frcu, zero to
six inchaes per zzinutte. Any setting of the loading or vnloading valve prcvides
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a constant speed of the hydraulic ram.

For tensile testing the same smeci=en loadin- assembly is used with
tthi.s zho = e-as with the 5000 1b. Eac"'Ae.

- To graph lv versu st.-ain the s- type of recorder is incoroorated
-. th this zachine ex with the 5000 1b. machine.

- .* 1Rol Te= erature Extenso=eter

- A Baldwin PS-5M strain follower extensoreter was used for_ strain
c=easm•i-eents during all room t-eerature tensile tests. This extensozeter
is oil the averragin, separeabie t-.-Pe_ incorporating conical points for
Cotacti _=•poaite sides of the test specimen, a two inch &age ier-th aez-

"- 0i exng . It can "Dee used in testing flat and r,-_
uxh =xilt eeexu a

-. ssecimena ith rAxi--u- de__.en;z.s of .505 inches square or .505 inches
"-di~er, A ty-ical roo- temperature testing assembly is shown in Figeure 10.

Zle__vted Te-p--erature Extensomzeter

SA Baldwin PSr-6mS strain follower extensc=eter was used for strain
..-_neasurcents, during all elevated tenperature tensile tests. This exten-
soeter is of the averagimg, separable type incorporating conical points
"for contacting opposite sides of the test specimen, a tvo inch gage length
az4 .04 inch mraiz- extension during testing. it is designed for use at

.- *-- ter-•eratures up to 1600°F on sheet, plate, and round specimens with raximum
"di"ensiorn of .505 inches square or .505 inches diameter. This extensoeter
has been modified using longer extension arms and a specimen strain follower

.-. head of Northrop design. The strain measuring lever and microforxer coil
"syeten is unchanged. Figure 9 shows details of the strain follower heads
and extension ar in relation to a tensile test specimen while Figure 8

- shows details of a t.pical extenscreter, tensile specimen assezbly.

- Eardness Tester

- Ti.ro Rockwell standard hardness testers, one model 3R and one nodel 4JR-PI1,
* snufacturred by the Wilson MYechanical instrument Division of American Chain and

, Cable Co. were used to deteriine the hardness of tensile test specimens.
instra=-ent accuracy a determined periodically by comparzmg Instrument readings
w.ith )mown hardness of a calibrated test block.

M; Win PROCEDIURES

-" -The experimental portion of this investigation consisted of:

-- 1) Prepax-ation of tensile specimens.

- (2) Unstressed exposure cf tensile speci=mens to selected temperature
timte conditions.

" WAX M- 56-585 io
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(3) Tensile tests at selected texperatures vith and without
prior unstreessed exposure.

(4) ?.oma tepex.ature tensile tests of specimens frca each
material panel fcr comparison with above tensile tests.

(5) Determination of inherent errors in zeasuring tezperature.
time, load and strain.

(6) Measarement of room temperatire hardness on all specizems
+ested at roca tennerature.

Specime" Ere~paratio

Each sheet used for sesting was cat into panels large ezuugh for 14
- spe-ieus placed side by side and the axis of each specimen trausverse to

the -oling direcraion of the sheet. Eazh mane! was designated with a letter,
" s-~irtg w-ith A and _6oing to Z, the• to AA7 BB, etc. =-%e panels were used in
Sthil sequence. The twelve urter spe-cie•ens in such panel were nuibered
-cuaccu--ively frc= one t. twelve and used f-r elevated tezperatre exposure
.c- tesfe-ti. The -'-ddle two specimens were numbered Cl and C2 and used for
r'o= teperaiure control tests -_th which to cccpare the elevated temper-
zture tests of the saze zanel. The coEplete designation for each specir-en
was -rcaliy

- 2Alp, 7M2, 2W--.

"there the first digit designates the ailOy, 2 for 2G24 and 7 for 7075, the
first letter designates the pinel, t-h' second letter, C, designates room
te7perature control specimen, only, and the second zber or pair of nmbers
desisgr.tes the siecinen.

'-Z"Js pasel system of specimens -was adopted pri•rily to minimize the
-nterlsl r-iabillty factor in data en8s1lsir.

SEach sper-1-en was secined to the configuration of Figure U. This pin
Jcint cozoiguration -as chosen since it was believed that iwproved alIgZment
and more unifo_= sTressing could bee btaired than -ith the standard •-M-151

.- '. speci=en clasped in jaws. in addxtion., far elevatee texperature testing the
"- pin joint type specitmer ias assczbled zore easily and rapidly than the standard

-v - ye, t-us ausi=g less texperature drop of the tes+.ing furmce during assembly
"f speci'men and l ess recovery -time to the testing te=erature.

To pr-epare the sPecizens, paneLs were cut into individtal specimen blanks
w--ith their axis in the uidz-etion transverse to the original sheet rolling

" direction-. 7nen, eight bl,-zks at a time were nilled in a fixture to the
re-uir lend th, adth, and reduced tes- section. Next each specimen was

Sfastened securely in a s-z--le drill fixtume which asswedd correct alignzent of
* •t hoiez with respect tc the test section and each pin joint hole drilled.

F2 F.'ly, the zilled edges ew surfaces of the reduced test section of each

- -5
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specimen were smoothed of all milling nmrks and surface scratches with 4JOO

grit paper, the resultant finishing marks being in the axial direction only.

Unstressed Exposures

"- Specimen exposure conditions were confined to sapling the temperature-
- tire span in which aluminum alloys would be structurally useful when subjected

to aerodynamic heating. Single exposures az vell as sequences of exposuires
were investigated. To each single or sequential multiple temperature-time

" condition a different group of twelve specimens were exposed. During exposure
none of the specimens weze subjected to externally applied stresses.

'-' irst, a series of cingle exposures were performed as follows to serve
_.1 as a basis for ccmarison with the more cc~ilex exposure conditions.

"Single Exposure Conditions

--- 2024-T3 7075-T6

TTezp., ,OF Tire, HEous TeFp. 0? Time, Hours

300 0.1, 1.0, 10, 100, 1000 250 100, 1000
:.4o 0.1, 1.0, 10, 100, 1000 300 0.1, 1.0, 10, 100, 1000

-. 500 0.1, 1.0, 10, 100, I000 4W 0.1, 1.0, 10, 100, 1000
600 0.1, 1.0, 10 500 0.1, 1.0, 10, 100, 1000

- Then a series of sim ,le, sequential exposures were performed as follows to
parzroxdrate complex exposure- conditions. These exposure sequences were

arranged before testing to attempt to adequately sampe the useful t ture-

-. time span for the subject alloys.

Sequential Exposure Conditions

"-- 1st Exposure 2nd Exposure 3rd Expos-re 4th Exposure
Seqaence 1.0 Hour 10 Hours 100 Hours 1000 Hours
Nu•r2024-T3 Al 0Y

_ 2 5000F 4o00o0 - -

6000? 500OF'..-46000? 5000F OF
,5- 60-oo 500oF 4oo0F 300OF

"7o75--,6 Alloy
"-- 4000F 300?-
- 7 400o? 3000•? 250-
"" 8 5009F 40---

9 500. . 40002 300--
10 500o o°0-0 300o? 2500?

X-5.
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Finally, an additional series of Eimple sequential exposures were per-
formed as follows to fall entirely on the critical Inclined portion of
modified Larsen-Miller curves as determined from analysis of data frca the
first and second series of exposure tests.

Additional Sequential Exposure Condit-ons

ist Nxpoeure 2nd Exuosure 3rdE ;Hre 4th Exposure
Sequence Te3mp. c Time,Hrrs. TENp.s. T . TTme,Hrs. Temp. OF Time,Hrs

- r0222-T Alloy

- -U 6oo 1.0 555 5.1 5iC 18.7 465 99.6
""12 555 1.0 510 4-3 465 21.5 420 126.1

. 13 510 1.0 465 14.6 L-20 25.` -375 165.0
14 1165 1.0 14M 5.0 37.5 30.0 33V 219.0

7075-T6 Alloy

715 500 1.0 460 3.9 420 17.6 380 90.5
16 160 1.0 420 4.2 380 20.2 320 U13.4
17 1120 1.0 380 4.5 340 23.4 300 145.1
18 380 1.0 340 4.8 300 27.7 260 191.7

The method of exposure included rapidly heating test specimuens to the
Srequired teperature, soadkimg for the required ccubination(s) of teperatu.re

and time in circulating air furmaces, ovens ani aging block, and transferring
"as rapidly as possible between furnaces or to the tensile testing equiluent.
"".-.T�e method -s desgn especially for the shorter (0.1, 1.0 and 10 hour)
exposure periods, i.e., tensile specimens weree inserted in the furnace so as to
minimize the time to reach the exposure temperatures with the minimum possible
deviation and transferred to the next exposure furnace or tensile testing
-mchine in the minimum possible time.

*:" Durirg the 0.1 and 1.0 hour exposures specimens were inserted between the
-- platen heaters shown in Figure 2. With there platens the time to rsach exposure

temperature a-' the temperat-re deviat'o- durimg exposure were the least of any
of the expos'.re methods utilized. Further, the lournace doors could be opened
without changing the te raatre -_, heated platens or specizens already on

the platens, thus permitting seq u3a._ Lnsertion of the specimens. Measurement
of exposure time started at the moment a specimen was inserted between the
platens and ended the -cuent the furmace door was opened to remove the specimen.
The time for specimen to reach within 5°F of the mxiuum soaking temperature,

S60o0F, was 15-25 seconds. The time from opening the furnace door to removing
•- a specimen was r10 seconds.

During the i0 hour and iouger expos-aas speciwns vere sa- -- ic c-.
-V or laid upon 0.75" thick aluainu plates in the circulating air furnaces shown

* - in Figures 3 and 4 or suspended by wires fron corks az_ susplnded in air in
plugged individual veils of the aging block shown in Figure 5. Time to reach
the exposure temperature for these longer exposures "ass negligible (0.1% or lese

WAD 7B 56-585
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of exposure zi-e) in cccxarison Zo the exposure times. Mie teuperature of
specimens already on the aluminum plates or in an aging block well were not
chas ed by opening a furn=e door or reaoving the cork from adjacent aging
block wells, thus permitting sequence insertion of s-pecimens. Exposure time

Smeasurement steXTted the mcent a sDecimen vas laid on an aluminum plate or
l"c 2ted inn an thsing bc - vc.i s_ ended thnert anof the furnace Poor was

opened or cork removed f-- aging block 'well

-. Temperature aeasurement during exposure was by 20 gauge solid vire
. iron-constantan therrocoumles. These thermocouples were calibrated p-rior

to use by comparison with a platinum - 10% rhodium, platinum thermcouple
-which had been standardized within the previous six months at the National

-- Bureau of Stadeards. Ten-perature recording thez-ocoup!es were ibedded in
the platens a-- Dpates .05 inch below s.rfaces contactizg specimen or

,-- inserted in aging block wells adjacent to Epeci-ens. Three or mae couples
-;. -e utilized to recrd t---uerat-ts at the m un, man and maxaIm
te.peratures tf each Lurnace or aging block. Each therioupie temperature
was recorded on one of the Brown "Electronik' potenti -- ter type recorders

Sshown in Figures i and 5 at Intervals of 30 minutes daring 1.0 hour and
longer exposures and at intervals of 15 seconds during 0.1 hour exposures
a.: the start and end of all exposures.

Deviation of_ -eco(ded specims teeratures fra= the nominla temper-
" atures listed above and in the data tablee was ± 2jOP or less for all 0.1

hour aad 1.0 hour single exposure coanitoms andt 5•F. or less for 10
Shour and longer sinmge exposure conditions as -well as 5:1 the se•,ential

- exposure conditions, with the following exceptioms:

Further deviation of the actual exposure teperatures fros the listed
- •n=-al temperatures is possible for the follo"ing reason=--: (1) T-e=per-

"-' ature readings of the calibrated thermocouples varied frmu the equivalie-t
standard thermocouple readings up to z 1OF throughout the exposuree temper-

-ature rarge, (2) the N.B.S. standardized thermocouples used for calibmating
.the recording thermocouples are certified to have no more than -0.9•F
error or deartere from the standard iro2-Constantan temperature emf relation-
"shi-, (3) the =xim error in Brown s5tip chart temperature records ws: l*f
when deterzined by substitutimg -ccurata voltages to si--late thermocouple
"signais in the recorders. Since correctioms for these eriors vere not mde

dur-ing testing, a ±2.9?F additional deviation of actual tezperature f the
-listed .-alues In The data tables is poWssible.

Tensile Testing

Folioilg unstressed exposure, each group of twelve Ci , repre-

. senting one sirgle or seqim-ce exposure comndition, vs eeparated into sub-
- groups of three spec..ens- each arn a different sub-group tensile tested at

*:." each of the foloiwng exposure texperatures:
•-_.

Roor Tespersature
-. 2000?P

- 3000ý?

2-"
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in addition to the above teAt --- ee specimens each of each alloy were
tested at 200, 300 and 400oF withcuz prior exuposue to serve as a zero
exposu•re reference with -wich to ccapare all other exposure tests. Also,
two tensile specimenis fron the middle of each panel (see Specimen Prea-
ration) were tensile tested at rocm t-exoerature in the "as received"
condition.

Diuing test ing the sequence of events consisted of (.) takig a specizen
"frc. an exposure furaace or aging blcck, (2) transferring the a-peci-en about
fifteen feet to the tensile testing equipcent, (3) _ogen!in the test furnace
door and assembling the sociz e into the loading heads, (4) cl-sing the test
-fu-razce door and apyI. Z and naintai-nji a smal load on the specixen, (5)

- , opening the f-urnace door and at;ýi ng the extescte totespL~, 6 )
closing the furnacce door and adjusting and maintaining the load at a slightly
higher value, th) nheatirg the soeci'-en~ until the required te=qeature is
reached and (8) starting the tensile tst

Transfer time of each sneci•en includinig the time the exuosure f-nc-
door or aging b!cck well uas oDened until the s-eci-en•an7 eztens~eter were
ccamietely asss-bled an: star-ed to heat to the testing texperazure was no
=ore t 60 seconds. The ti- r-equi-ed to heat a specimre•n to the testing
temperatur- denended: on the r-cover:? rate of the testing fu-nace and varied
frm 7 nimutes for the 2000F testing te,--erature to 12 zinutes for -he
1000? testing tepe-rature. The exposure time at elevated tae-_ratare during
ter-sile testig depen•ded on the leng;th of the tensile testirg period and IMs
abcut 0.4 imi-te for each percent elo-wation a sptecime -ithstood. Testing
Sine -aried about m-nu+es for _-ecimns with erc••ent elongxr-on to

"" about 33 izd-tes for specimens vith 82 m-rcent elcngaticn.

Daring each tens-ile t-est- 'the rate of testin uacbine crosshesd trav-el
was held constant and was selected to give a straiz rate, prior to yield,
as nearly .005 in.!in./nin. as _ossiboe. Since scm.e yielding in bearing at
the pin 4cint holes occ-rred on soce -pecir._'es zecause of the large range of
exposure snE testing conditions the rate of cross:ead travel as v-ried sc.-
what so as to zaintain a -.05 in./in.i=!--xte strain rate _•or to
yitld. The strain rate and he-d ravel rate of •c h s?-cinen a-e listed in

O* the data tables.

The load-st.-ain =easuring syse-z c--op-ae of er•tens_.eters to follolO the
strain on a two i cm gage iength of ea-_h srec!ne_., a neczn -2 --Ža"e
beteen the tensile mcb._Ac - lad l reasurin- system and ao autog-rhic recorder
t '?S-lo the !oad, and am a-t-•r-.-hic load-strain recorder tc continuously

aph- th-e !ted srai~n c~urve up thr-ugh• the yield point' during testing vas
.uti!ized to rov-de date far cal,-latien of the wodlus of elast city,
-p-ropomtional li-"t an_ yield strength.

The system error s et. in- readis -s deter-_ined for each extemscr.eter

WA-C TR 56-585 -
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by several calibrations at pDeriodic intervals throoughout tesSimg. Calibration
. -.. eJui _ment consisted of a Baldwin strain folloer calibrator and a set of cali-

brated roke gage blocks. Each calibra•tion consisted of co-"aring a.tographic
recorer readings versus gage block dinensions for five to ten incre-rents of
-strain rough the useful range amd aver- th results for three or 0ore

rans- ru-. nw in the Hoke gage blocks (.uvvug3" in.jin. -a•x2-i ) was I to IOU
t--=ses . .-- the error in the strain m-easurir- syste- and •as considered

- negligible. r im the strain measuring system is shown in T-able i and is
10% or less of any strain. The ex-rors of Table i re--in uncorrec ed in calcu-

a.o oft o

-':-'- !ation ard tabiLation of the data.

The- load: i dicator • on the testing machine at raxi•rm load vas
used to _ovide data for the calculation of. the ultisate strength.. Mme lo•a:
____.c.ator e-rors and the a--utgra.-c r-e-orcer errors w-ere deter-'ined for each
testing -achine vith stanrdized dead weights and proving rings. Both the
load indicator - autografn.hic recorder errors axe shown in Tbe TT and are
-- a--or 6% respectively tr any- load. Each calibration show•n is the average of

--- thre-e or mor-e r_-ns at the stated loads.

&age maeks, 2.030 inches apart en the original test specieens were used
to deter=Ine the total mercent elongation after fracture. Dividers were
used to dete-.ine length between gage =arks on Sted halves of fractured
spe.c.._ -- •. Accuracy of -easurrement was .01 inches or 0.5% elongation.

Hardness Testing

Afiter c rletion of testing, hardness detezrinations were made on anl
" sleciens t--t had been -tensile tested at rocm te=_erature. Rockwell hardness
* indentations were •_•de only -ear the unstressed fm-r core-_rs of the pin joint

Slcading section of each hal of each specim-en. Each h!ardness value !s ted in
h.is report. on the a--a-e of thruee or =o-e h-dness readings. Early in the

;-- hardness •tests it was discovered that two har•dess scales. B scale and H
scal--e, were necessary. The range of -zechan-cal strength hand ha-_ness was so
peat, that the softer siec- e bited t= anvil effect, i.e.. the work
h--de-ir" of the sneci=en exteec1 coletely through and a le on the

a, side f=. the -=ression. "-e '-B scale' with a 100 kilogram loa
Sa IS 16Inch bal v-as used o-oiginally. The '1" scale vitth a 60 kilogr=a

"cad and a 1/8 inch c a_-was added for softer '-" c -Pens. B and H scale
re-adin-s- w'e taken on all s-ecimens & I hardness detemanations that

-xiite-c excessire awwvi effect and zrcatter-- between re.=adirgs were el "iminted
: rr-• --clusion in this repor.. ý-e hardness re=* isg-s in each deter--i tion

varaed no nore tl- -n 2.5 rbers for each. v.ue mresented in this reoa-t.

Pre-aratacm oz tt" ex L_-ental =es-lts cons-sted om:

* ee e " the meci-" cal properties f--=, tensile and hard-
mess test data a listimg of the resmilts of each test in a
iogicall tabltt for-

- ~ W UARZ!5c-585r
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(2) Comparing the tensile properties of mterial sufojects to
the various exposure and testing conditions with the roc
temperature tensile praverties of mmterial fromi the same
panel in the "as received" condition, expressing the ccc-
parison in terms of "percent of roe texperature properties"
and listing a sa-u aIzaticn t +his d-a+t- in a logical tabulal
form.

(3) Plotting sumzarized tensile properties versus exposure tize
for various exosr temperauresan testing temertu6 s

""(i) Plotting suxaized tensile properties versus exposure texper-
atures for various exos-e tis and testing te tueratres.

(5) Plotting the average hardness value of each _secizen tensile
"tested at roco texper-ture versus tensile yield strength and

_-. tensile ultizate streng-th.
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TABL I

S5A.I CPALIBRA5TI0J D)ATA

Autogroalpic Recc-a-der String -E rrorr
WA spla~cemezt. (1) Separate Calibrations in./in. Percent

inl./inl.

12 3

0.0o1000 .00W5 .00002 .00002 8.0
0.002000 .0013 .00003 .00002 6.5
0.003000 .00022 -,00002 -. eK)00k 7.3
0.001-0D0 .000211 -. 0000 -. 00007 7.2
0.00000w .00034 -. Oooio -. ODDc8 6.8
0.006000 .00039 -. 00012 -. 000=067
0.oo8000 .00054 -. 00010 -. 00(12 6.7

12 3

0.001000 .00003 -. 00010 -. 00008 10.0
0.002=C -.00002 -.O00014 -. 00009 7.0
0.003000 - .00004 -. 00013 -. 00020 6.7
0.00-hC0 -,00007 -. OOOP4 -. 000,21 5.2
0.005000O -. 00006 -. 00018 -. 00009 3.6
0.006000 -. 00006 -. 00021 -. oooi6 3.5
0.00800 -. 00012 -. 00026 -.00020 3.3

(1) DIMtewcoter displiacement vas mesuired by the diffe7jeue
in leat-h- of successive Pratt and Whitney Ca~ 4 brated
Cgse Block stecks f--= a fixedi reference piaae.
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TPABLE Ii

jL(D CALIBRATION DAMA

5000 LB., CAPAC]TY TEST MACBIRE

Actual Lod indicator Error Maz-i
Load Separate Calibrations, Lbs. Error
Lbs. Percent

1 2

i-- !00 0.0 0.0 0.00

:150 0.0 0.0 0.00
200 1.7 -0.8 0.85

300 -2.0 -2.0 0.66
-4o ±.6 -2.5 0.62
""-50 0. L 0.h 0.09

--- 600 -3.6 z5.2 0.87
800 1.8 -6.0 0.75

S9.0 -9.0 -9.5 o.5
1000 -5.2 17 0.52
2000 9.7 7.1 0.48

S 2500 6.0 5.5 0.2

- - Actal Autographic Recorde LMad Error Maximm
"-" Lo Sepasrate Calibrations, Lbs. Error

D- Lbs. 1 2 3 5 5 6 Perceat

100 -0.8 0.2 -2.8 -- -- -- 2.8
150 8.7 -0.1 -0.2 -1.0 1.5 0.5 5.8

-200 1. 1.9 -1.4 1.7 1.2 --- 0:9• 300 6.3 -o.8 -3.0 -3.0 . .. 1
- )O 1.6 1., 1.1 -1.5 -- -0.1 0.4
.45o 8.1 1.0 -1.0 -. 0 0.9 o.4 1.8

- 600 1.8 -3.2 -5.0 -8.8 -3.5 -6.7 1.5
* 800 -4.8 -5.1 -3.1 -- 2.8 -- --- 0.6

_*Q 980o -13.0 -3.7 --- -- 1.3

1000 -5.6 -0.9 -10.o -16.0 -5.2 -6.5 1.6
2000 10.3 5.0 -5.0 11.6 10.1 --- 0.9

-.--. 2500 2.0 -1.5 -1.5 0.0 3.2 - 0.1
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YMechanical Properties DetermInation

T-e echbanical properties determined during rensile testing were:

(a) Modulus of elasticity.

(b) Proportioa-1 unit.

(c) Yield strength (0.24 offset).

(d) U~ti~atte s trength.

(e) Total elongation aft-- fracture.

'The rodulus of elasticity is !he slope or tangent of the secondary wodulus
-portion of the load-straln record, divided by the orginal cross-sectional area
of the tensile smecimen-. The proportional limit is the uer load at which the
secondary -odulus deviated from a st~-aighnt line, divided by the original cross-
sectiornal area% of the specimene. The yield strengIth is the load intercept with,

Sthe !oad-strain curve of a line having the sane slope as the secondary modulus
but offset fra it to the right by 0.42 strain, divided by the cross-sectioul
area of_ 'he specizen.

Since the materials for this progran were alclad aluminum alloys, both
prirary amd secondary zodulus slo-es were present vithin the elastic region
of the oad---traim ='-p&-=hic records. The secondary modulus slope vas chosen
for determning the modulus of elasticity, proportional limit and yield
strength for two reasons. For the mjority of the tests the secondary modulus
*.line w•-s the longer, i.e. from one-half to four-fifths of the elastic portion
of the load-strain graph. This longer line presented the possibility of a mor
accurate deternination of the modulus, proportional li•it and yield. On the
o+thler h and, the load-strain graphs characteristically often contained deviti%:s

- -- or Irregularities near the beginning of the curves vhich masked a true deter=-
.ation of these properties.

"Another characteristic of the load-t grarhs, made It extremely
S * difficult to deter-ine a modulus slope, i.e. those tests of long time and high

te.=z-ature exwsures often resulted in load-straim gralps that contiumously
decreased in- slope -ii-th" increasing strain. in this case, any short flat
portion of the ctrves that corresponded fairly well vith a typical secondary
"mdulus for the raterial were utilized to represent it.

As the res-ult of the characteristics described above which tended tc
prevent determination of thee true modulus slope and since the load and strain
errors of the aut-grkamhic records (see Tables I and Ii) are large enuogh to
cause considerable error in the determination of the modulus of elasticity,
this property should be considered as an appromnction only. However, the
"yield strength shows lit-tle erraor -with relatively large changes in the modulus

W@ s!cDspe since the slope of the curves at the yield intercept is sufficiently
s...l that the lcd shows little chane with variation of location of intercept.

1LADBC S 556-585 29
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The ulli1ate strength is the zxi--m loaed each specimen withstood prior
to fracture, divided by the original cross-sectional area of the specimen.
The percent elongation after fracture is one hundred times the difference in
the length between two gage =arks before test and after fracture divided by
the gage mrak length before test.

Tabulated Data

.The tabulated data i presented as an appendix on pages 151 through 197.
".-hese data are presented In two types of tables. First, a series of tables
presenting the ccoiete tensile test results of each test specimen have been
prepared. These Tables XXIIi through MXIV also average the results of the
three or more individual tests of each alloy and test condition. Results of
-three tests are presented for each alloy and test condition, except where
test results have been deleted because of exposure or testing difficulties
and the consequent unreliable dta. For this exception. these tensile
properties that were reliable from the original three s-eciens are. presented
along wit;h the test results of additional specimens to fill-in the m•issing
properties on the first three spaecimens.

"The fitnal tabulation of data, consisting of Tables XVII through XX in
the appendix, sumrizes the tensile properties for each alloy and test con-
dition. in these tables the tensile properties are presented for each alloy
and test condition as the "average percent of ro m ture properties".
Each value in the table is obtained by calculating the percent ratio of the
mechanical properties of each test specimen to the te tu echanical

--t pr eies of the "no exposure" or "stock control" spec!mens fro the same.paiel and then averagiug the percent ratios that represent each discrete
"alloy and test condition. Thhis non-di=ensional procedure a-s utilized to
elininate the nc.zal variation in echanical properties of the zaterialsl
-frm these su zried data tables.

Hardness versus tuensile properties test data are also presented 1-
Tables XXI and XXTI for all tensile specimens tested at rocu tesqeratu-re.

Gzaphical Data

A graphical presentation of the sumsarized tensile properties of each
alloy and test condition is shown in Figures 24 through 103 of the apvpendix.
These graphs include plots of percent, of roca t--perture tensile prop-erties
versus exposure ti4e and percent of rooa teeraturze tenile prope-ties versus
exxposure texperaturee for each tensile property, alloy and test t-xperature.

Hard-ness; versus yield strength and hardness versus ultizate strength
graphs arre presented in Figures 10'4 through ill for both Rockarell hardness
scales and both alloys.

RAMITC 56-585 3
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w ~AdiAYSIS CF' R-25ULTS

"h-e test data presented in this report present over seventy test corndi-
"tions for each of the materials investigated, 7075-T6 Alclad sheet and 2024-T3

- -[ Aclcad sheet. These date. present a challenge to develop general expressions

which will most advance the knowledge of the elevated temperature properties
- of these aluminum alloys which are the ones most c=-only used in airfrazes.

-' Th alloys tested, 7075-T6 and 20224-T3, have been known to suffer frcm
- onver-aging when exposed to elevated texperatures. Tney suffer doubly frcm

elevated ztenerature. Therefore, it is necessary to know the time spent at
teziperature as well as the tenpelerature in order to evaluate the strength
p-ro- prerties of these raterials. But seldc is a service condition so sinple

_:_-as a given time at one teperature. Therefore, it is desirable to be able
--.'*- to uredict the remaining strengths of these =aterials at any tez erature,

--dthin the te-.erature range providing usable strength, after they have been
- ex-esea to arn- .-,_ue~ e of various exuosure i=-'•s at various texmeratures.

- .- iy's~s of Basic Data

- . •The basic test data consist of varioas single e•ures (specizens ex-
posed to one temperature for a given time), then pull#4 ,% tensile coupons
at ro temp•erature, 2007F, 300-F, and 4WO°F. Data thus obtained include
-axl.-- elongation in 2 inches, zodulus of elasticity, and proporltional
"lizm,-t, but only the ultizate tensile stress and the tensile yield stress
data have been analyzed as these are the mechanical properties which pro-
vide load carrying ability.

A semi-ezxirical analysis was utilized as no generally accepted analytical
method is know-n to exist at this time. The analysis is built upon the rate-
process theory 'ibic. Zas been applied to such diverse processes as creep,

---- %tepering, and diffusion of metals and offers a knro-n method of ccubining
"te"'erature and z=e to obtain a single parameter by which can be measured the

- degree of an exposure co idtion. Thi-s theory expresses the rate at which a
prooess •akes place as r = -e1ar , where A is a constant, Q is the

.-.- -activaticn energy for the =aterial and process, R is the gas constant and T
is the absolute temperature. A sio '-e ti'-e-te-p-eature parameter has b een
derived cm the rate-process theory by F.R. Larson and james Miller, and is
""ublished in Transactions of A-SM, july 1952, page 765, "A Ti1-e-Te-perature
Rel=tionship for Rupture and Creem Stresses". -meir paxrameter has the form

04 'T (C LOC-i3 t) ...... ere T is the absolute teLerature in degrees Rankine
and t is the time in hours. Preliminary plotting of the test data vs.

.- ToR (2 - LOG10 t) gave excessive scatter and was therefore modified e-pirically

--- -to provide a =ore accurate amcPlysis.
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a) Analysis of the Ultimate Tensile Stress of 70754-T6 Alciad Sheet

The ultimate tensile stress data of 70C75-To6 clad sheet were
fi rst plotted as percent of room temperature ultimate tensile stressversus the Larson-Mi.ler time-tem.e rature 9ameter, Q = ToR (20 + L tr)

'This procedure resulted in only fair resulution of test points,
and ,he plotv are *hoici on. Figure 12 for the four test temperatures,
(R.T., 20O0F, 3000F, and 4000?). it was observed that the longer tines
for a given 9 are more severe in reducing Ftu than the shorter time

indicated on Figare 12). No theoretical reason for this has
been dete._ined; however, as a second step an empirical adju~tent of
9 was made. This resulted in a modification of time by the 1*46 power
-in the time-temperature paraneter, 9, to give 9? = T,. (20+1.46 10%
-hr), This modified Larson-4.Ziller time-temperature parameter provides

Sach better agreement with the test data as is readily apparent in
Figure 13 -odiere the percent of room t=m-eratue ultimate tensile
stress of 7cq5-T6 clad sheet is Dp!tted against 0', the mzMfied
time-te=perature parameter. The *tatistical analysis given in Table
I. shows that the curves of Figure 13 fit the data within plus or
"minus 4-V° of room tezperature ultimate stress for apprcaimately
95% of the tests. (Betveen Et 2-t are 95.5% of the test points for
nomall distribution.)

At this point the similarity of the curves of Figure 13 for the
various test temperatures suggested the possibility of normalizing
the data for the four test temperatures. This was successfully done

by dividing the percent of room temperature ultimate stress values by
the corresponding percentage for the 0O1 hour exposure at 3000F at
each respective test te-perature, The resulting normalized curve is
presented in Figure 14. Analytical expressions for the curie have

been determined as follows:

- 9 1 16,580 R = L163 e -0.0 0l

16,580 _< 9" 20,230 R = 44@70 -ec000230'

20,230 < W' R = .421

"R - The decimal fraction of the no exposure ultimate
"tensile stress at any given temperature which re-

,a ains when tested at this same temperature after
exposure of ganitude 9'

T- e 0.1 hour exposure at 300&F was chosen as the basis for nor-
-alizin- g the test data versus 9? because it represents the minixm ex-
posure as measured by 9' It was assumed that this 0.1 hour at 3000-

* exDosure does not affect the ultimate tensile stress of 7075-T6 clad
sheet and thus the ultite tensile stress at the test tem-eratures
are assleed to represent the ultimate tensile stresses after nM

WADC TR 5&-55 32
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S'IArTIMUL AbILYSIS OF U IKZDA7J- T-121fL6 E
SBS3OF 707 5-T6 AIP~AD versus 91

Class a v W,2 (wi-i)2  air ass2  a(wl-)2

81 4 16 25 4 16 2:5
6 3 3 9 16 9 7 48

46 2 9 12 24 54
2 15 1. 4 15 15 60
0 26 0 0 1 0 0 2.6

-2 lU -1 1 0 -n U
2 -2 I 1 -482

S 64 25
s5 101 215

S27nJ2 A
SS~91 91

516 1.443
sb' .3"1120

t = 2 (391)391

S.2 (1.20) = 2.40

aWAD TR 56-585 36
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-I

sa s . Te. lz "' - r=i -- +th r-c e xpo*.re which verify this
assaption as indicated by the tabulated results below. The
maximum diff3rence of 2.9c is well within the scatter of the
naterial itself.

0.1 ho= at 3000?F

R.T 99.7 100
2000r 89.7 91.1
3000? 72.1 75.0
400OF 55.0 55.2

The statistical anelysis given in Table V shows that the
-.nor~siied •r-~ fit; - --- --lb•--i 9% o e test data within
plus or ninus 8. of the row tesperature ultirate tensile stress.

b) Analysis of the Tensile Yield Stress of 7075-T6 Aiclad Sheet

The tensile yield stress data of 7075-T6 clad sn•et we
first platted as percent of rom tezperature tensi".e yield stress
versus the Larson-Miller tir-e-tesperature pex-meter, 9 = Tr (20 , 1.46
ILD% t-r.). This procedure produced res-u.z. sizil. r te 'i results
of Re u'Iti3ate tensile stress in that only fair correLatim was ob-
tained. As with the ultmatz zensire sura Cm&, =.=h .cr
sistency is -,tained by -sin the modified Iarson-Miller tim-temper-
ature paramter, O' = ToR (20 1.46+ LOGo tbr.). The percent of
roam teerature tensile yield stress for 7075-16 clad sheet has
been plotted against O' in Figure 15. The statisttical anal3sis c.
the correlation achieved in Figure 15 is given in Table VI and in-
dicates that 95% of the data are within 4.72 percent of roo tGPer-
at-are tensile yield stress of the respective curves.

The plots in ,Figure 15 cannot be mear3y so easi-_, normalized
as that Qf the ultizate tensile stress. This is due to -the tensile
yield stress of 7075-T6 clad shbet becoming less temperuture dependent
with increasing degree of expos-ue as measured by Of t Gww1'lizatize
mnrts the Uti~zatim of a fairly cplicatsd nozaalizat-iM pro-
cedure. Therefore, nor ai!zation was accalished by dixiding the
percent of rom t terature tensile yield stress at the teis tzmper-
atre at exposure O- 14,090 by -he -prcent of roo teperature
tensile yieAd etress after 0.1 bour at 300"F. This provides the
desired noMralization at G? - lk090. Then the divisor is varied
1inear3y -ith Of to provide no norrmkli cn at ef = 32,600. The
valure L 9 32,690 is off the abcissa, -but is the value required tC

Sprovide &cod no-.li.ation. Mathsmati al -v this is e=ressed as:

... .. ... .. .. .........- . -.. . ..-.. .. '-. -... .-.. - . -



TABLE V

STATISTICAT AELYSIS (C NCFYAIZED ULT]YATE TENSILE
smRss ( 7o75-T6 AiLCAD versus o'

Class a -d .V4') 2  a- a- 2  a(v+1) 2

Midpoint

8 2 4 16 25 8 32 50
6 3 3 9 16 9 27 48
" 6 2 4 9 12 24 54

:2 9 1 9 9 36
.- 20 0 0 1 0 0 20

-2 8 -1 1 0 -8 8 0
-4 6 -2 4 1 -12 24 6-6 9 -3 9 -27 81 36-8 5 -4 16 9 -20 80 45

S 68 -29
SS 285 295

S2 /n 12 22
*SSD23 27,S-.2  "-075

"Sw 2.021
S/n -4

2 :2 (-.J71 : .853

S- - 2 (2.09 :L.oh

3

Ii

- .

. -- - .
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TABLE VI

STAT=ST!CAL ANUALYSIS CF TENSILE YIELD SMS
(F_ 7075-T6 AI•IAD versus 0'

.jClss & " 1
2  (v+,) 2  a" aw2 a(w*+!2

-d.DOI.ito

*-- 8 i 4 16 25 1 16 25
3a -16 6 18

8 2 4 9 16 72

12 7 ! 7 - 28

o 37 0 0 1 0 0 37
" -2 5 -1 1 0 -5 5 0

-4 2 -2 ! -. 8 2

-0 1 -3 9 -9 3 9

Ss 63 21ss 95 200

/ S ;2  112

SSD

Sw2  1.i19

Sin .333

tl 2 (.333) : .667

S• -2 (1.3L :2.-3

-.

a.o

-o-
9 '

--- - - .2.. * .**. ? * . . . .- ~

-•., - .. :. -:-.-: -. -.. :. - .- .. -.. . . -. .. ..-..-..- : . -..-. 2..-. . ." ..- _._-.... --.- -. , "-'-, .- "- -.-



-' + (l00-y) Q -99

where R = The decizal fraction of the no exposure tensile
yield strese at any given temperature -Aich re-
=,ains when tested at this same temperature after
exposure of magnitude O'.

x The percent of roan temperature tensile yield
stress at the test temperature after being ex-
poed to elevated temperature.

=The percent of -om temerature tensile yield
stress at the same test texperature as for x
after having been exposed to 0.1 hour at 3000F.

01 The modified I sn-W ler parameter O' - Ta
(20+1.46 LOG, to) calculated for the ex-
posure condition R Ich detexined x.

As with the ultimate tensilz stress data, the 0.1 hour at 300°F
exposure was assumed to be the same as no exposure. This assuption
is not quite so good for the tensile yield stress data as for the ulti-

E te tensile stress data, but does not invalidate the assumption. The
tensile yield stress data are presented belcv for the 0.i hour at 3000?
exposure and no exposmre. The biggest discrepancy is seen to be %i at
b he 3C0° test te"-perature.

Test Te2erature F .T. Tensile Yield Stress

0.1 hour at 300DF -O 9M2

-- T. 99.8 100
200cF o2.O 96.5
300PF 78.8 83.8
4-000F 59.2 60.1

Analytical expressions for thbe noz-ali.zed curve of tensile yield
stress data for 7C75-T6 Alclad sheet have been determined as follows:

Of < 16,700 R = 127 e -0.0000167G'

16,700 S Of < 20,4-M00 R 223.3 e O03Z?@'

"20,400•9 H@ = l -0.00008289'

1QX- TRz56-5S5 1.2
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* ABU-- VII

ST:.AIST'iCAL A!iALYSIS (F NK:--LI-ZE TES•IIR" YIELD
S•-:SS (F 7075-T6 ALCLD versus 0'

-.- 29

Class a a3" a.+l_

Kii-ooint

7.5 2 5 25 36 10 50 72

6.0 2 1- 16 25 8 32 50
r-4.5 16 0 0 0
"3.0 1 2 9 2 9

-1.5 i 1 1 11 ii

- 13 0 0 1 0 0 13
-. -1. 5 11 0

-3.0 5 -2 _ -10 20 5
2 -= -. -3 !6 -6 16 82 8

- ~ 16 9 16 9

-753 -5 25 16 -15 '75 4

Sr. a - 36 25 0 0 0
-10.5 0 -7 49 36 0 0 0

6-4.o 1 -8 49 - 8 64 49

S 52 -23

*SS 301

S2 /n 10 16

SSD 291 291 Cbk.

S.-.- - .--

Swn

" Sin 1.5.(-.-2:--663

Sz- 1.5 (2-33 = 3-50

-M~ T 56-585
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SThe curve so defined fits the tests points within 7% apprax-
"nately 95p of the time. This method provides slightly greater ac-
curacy for tensile yield stress of 7075-T6 alclad sheet than that
for the ultimate tensile stress of 7075-T6 alclad eheet.

.- ' c) Analysis '* the Ultimate Tensile Stress of 202--T3 Alclad Sheet
.- :• First, the ercent of room temperature ultimate tensile stress

data of 2024-T3 alcJad sheet wre plotted against the Larson-AilUer
-* ~~~time temperature parameter, 9 3 ~ 10Gl ~) swt h 05

T6 data, this paraneter was foud lacking the desired degree of
*- correlation. Next, the percent of room tezpeerature ultimte tensile

stress data of 2024-T3 were plotted versus the modi-fied Larson-Miller
parameter, 9? = Too (20 & 1o•46 LOW10 thr.) on Figure 17. Disap-
pointingly, 9' does not provide the desired fit to the experimental
points as is apparent in Figure 17. A statistical analysis was made

- to check the general usefulness of 09 and it is presented in Table
* Y±.±-L. This analysis includes the test data for boh 7075-T6 and

2024-T3, ultimated and yield stresses. The results indicated that
9_ is very marginal as to general ability to fit the test data for

- - - both propereies of both mterials. As GI provided an acceptable fit
for 7075-T6 property data, it was concluded that 0' does not fit the
2024-T3 test data satisfactor-ly. This led to another modification
of the Iaz-son-!Uner Parameter.

-- •Study of the results achieved utiliing @ and 91 indicated
-.- that the desired nodification of 9 which would prove satisfactory

for 2024-T3 test data must be scme ccer-aise of 9 and G'. The
modification of 9 which was determined to best fit the 2024-T3 test
data is QU = Top (20-t-1.3 LOG.O thr.). The plot of the percent of
ro.r. temjerature ultimte tensile stress data for 2024-73 alclad
sheet against 9" = Toa (20-.1-3 TY0 tbro) is presented in Figure18. The statistical analysis of this plat is presented in Table X

-. and reveals that appzrid.tely 95% of test points lay within 6. of
- the r-esDective curves.

* The first effort towards normalization of the ultimate tensile
stress data of 2024-T3 was straight nort--ization. That is, the
percent of ro= tezi)erature zl~tiza-,e tensile stress at temerature
"X after exposure Y is divided by the percent of rom teperature

-.-. ultimate tensile stress at te=perature X after 0.1 hour exposure at
300"F. The results of such a norz--alization procedure indicated that
the test Doints at Maller 01 values were not normalized enough and
at larger 0'- values the test points were nozwlized too much. There-
fore, the ultimate tensile stress data of 2024-73 were normalized
about 9" = 17,200 with the results as shocwn in Figure 19. Mathena-

-" ticafly, this nvz-alization is written as:

y-- (l0o-Y) 17.,200 -
"8730 )
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-' -ABLE VIII

STATISMiCAL ANALYSIS 0P ULTJYATE TE. 7Sm STRT.S AD
--- ' -- : YIElD) • 0?F 7075-T6 AED 2024-T3

VERSUS O'= Tor(20+ -.36 LOG! 0 t"h..)

Class
Midp~oint a -(Ii-) 2  aw aw2  a(w+l) 2

12 1 6 36 49 6 36 49
10 -1 5 25 36 20 100 144

- 8 7 4 16 25 28 112 175
•- 6 i 3 9 16 33 99 176

"29 2 4 9 58 116 26i
2 45 1 i 4 45 45 180
0 103 0 0 1 0 0 103

-2 43 -1 1 3 -43 43 0
-4 9 -2 4 1 -18 36 9
-6 8 -3 9 4 -24 72 32
-8 6 -4 16 9 -24 ;6 54

-10 1 -5 25 16 -5 25 16
-12 5 -6 36 25 -30 180 125-14 2 -7 49 36 -14 98 72
-16 3 -8 64 49 -24 1i2 147
-18 0 -9 81 64 0 0 0
-20 1 -.10 100 81 -10 100 81

s 278 -34 - 2
SS 1350 1624

"S2 /n 0 274
- SSD 1350 1350

Sw2  4b88
* Sw 2.21

S/n .00719

t = 2(.00719 ) o .01438

S = 2( 2.21) -4.4,2

;iPDC TR 56-585 417
>I
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TARLX

STATISTICAL ANALYSIS (F ULNIMATE 17ENSI.EE
SlRnS (F 2024-T3 ALCLAD VEISUS Q"

Class
Mid:oimt v W2 (V+1) 2  -v a-42  a(w+1) 2

";9 81 100 9 el 100
8 0 8 64 81 0 07 0 7 49 64 ,) 3 0
6 2 6 36 49 i272 9
5 2 5 25 36 10 50 72
4 2 265 8 32 50
3 3 3 9 16 9 27
2 8 2 1 9 i6 32 72
1 a 9 1 . 4 9 9 36

" 0 20 0 0 i 0 0 20
.-- 9 - 1 c -9 9 0

-'.-1: -2 4 -2 4 1 -8 16 4
-3 3 -3 9 - -9 27 12

--- 4. 2 -4 16 9 -8 32 18
S-5 3 -5 25 16 -15 75

"-6 2 -6 36 25 -12 7? 50
1-7 1 -7 49 36 -7 49 36

-8 1 -8 64 49 -8 64 1.9

S 772 -3
SS 647 713

-' S2 /n 0 66

SCD 647 647
Sw2  9. 11
Sw, : St 3.02

Sin: t-t -. 04167

,--'..-.-.

---. w.-.C TR 56-585 50



E- 0

C.CIA

-r 0

0. 00 V

0 -

g - = S
CIN

cv 0

f~.16

7-7.

51 -



"- ---7 - .-- _ a-Z

Statistical Analysis of _iom-alized Ultimate Tensile
Stress of 2=-4--T3 Ac laa Versus Q"

-a 2  a -. 2 .2

2- 2 1 6 36 49 36 49
io 0 5 25 36 0 0 0
8 h 16 25 .14, 25
6 3 3 16 9 27 48

- , - _9 36 81
"2 15 i _ 15 -5 60
0 -0 0 0-" -2 9 -1 - 0 -9 9 0

-- - -26 13
-6 3 -3 9 -9 27 i2
-8 4 -1 69 -a• 6 -

- -I 1 -5 25 l6 -5 25 16
.-i i -b 36 25 -6 36 25

S.

.4

S 72 -7
- SS 295 353

*S 2,11  1 2
SSD 294 294

-' bS 2.03

sin -.9972

4 -, 2 f.09-12) 19I

St 2 (2.03) 4.06

-52

-- - ' - " .. -- - '-"



vhere R The deci-.al fraction of the no exposure ultiatte
S-•t tue iwich
r em.-n *hen tested at this sa= temperazim

after exposure of magnitude GQ'.

x The per-cent of -rom temperature ultimate tensile
stress at the test te -erature after befing exposed

Te yp • erpent ea t ultimate t-eAs-i
stress at theI sa test temperature as for z

Safter no exoosure.

G= The nodified Larson-Mdler ar-eter G2" •'-r
(20 1.3 L0GO ýhr.)*

-- 0.. O fair noza0ý4ization -as thus achieved, the range withý L vhich
,pr-o.• nately 90% of the tests fall having been increased to A of th-
rom temperature ultizte tensile stress.

in Lh-e I.--. norm-uaization, the asmsVtion was made that 0,, hour
exp"sure at 3000F does not appreciably change the material properties.
-nis assu•••tion vas satisfatorily checked by the no exposure tests a3
tab- ated below.

Teet Tegzeratu-e v ?.T. Ultimate Tensile Stress ,02l&-T3

"0.1 h-our at 3000F S

R.T. 19.1 .00

200°F 92.4 95.25
3000-7 83.4 64.5
4000F 76.6 75.6

The greatest difference exi•sts at the 2000F te-r taperature
and amounts to only 2.85% of rom temperatire ultimite tensilLe stress.

d) na3.-y-sis of the Tensile Yield Stress of 2024-T3 Alclad Seet

As stated in (c) above, the tensile yield e.-res- data of 202=--T3
va inclumded in. tthe analy-sis evaluatinzg thbe zoeiried larso-n-filler

91 does no-. give the de-sired agreement au-ig hevarious expovures.

The modified Larson-Miller prazte,.- G = T_( o 20 - 1.3 IOGo
-tb g) ives better resolved cu-ves than &¶d 0'. ,i statistical ana3siS

Svpresented in Table M shows that the c•rves in Figure 22 are within 4%
"of ap•r-dnatelay 95% of the test points.

r. C 7.R

.:.:.:. :.:.:.:: . . .:.
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!Noiralization of the tensile yield stress data is Lindicated
in Fgure 23. or-aliation in this case has been achieved as

-(lOD-y) 22.9,10 -9-
S17.9460/

wh-ere i~=The decinAl fractiton of the no exnosure
tensile' yield stress at any gi-.en te~mer-
at.ure- which remains -,ben t-ested at this
sare te~erature after exDostr-e of,:

M The mercent of roc- t4e=e)-.ature- tensile
yedstress att the test. tenva-eraturee after

being exposed to elevalted te - eraturee.

7 The percent. of rocr "te--ratin-e tensile
yield stress at. thee sa-ze test terperatture
as for x after no ermosure.

=The recdif'Ied larson-Miller ~ra----te'- G
Ti (20 - !-3 iiX-jo thr. ) calculated for

the exmosur-e conditioni which detez--dned x..

Ailtou#h greater gmenerali~zaticn rasUlted f-rom the zor-1 lisztion
p-.ocedL-e-, accuracy -ass lost to athee degree that the range t~o include
aPXroxi:ate3.Y 95%L of the test Doints is -2 of the ro=- tenz)er~tire
tensile yield stress. Thee assirption that 0.1 hour exnosize at 3001"~
is the sa=-e as no elmoszure is val'id with the elcemtion of the tests
=pade at 2000F. The table below tabulattes the test data for 0.1

hour eosa-.e at 300~r test datza for te2M41-T3- tensile yieldsres
hmzs a-ertue ~ fo eeaueT ile YIld Stress

0.1 heur, at 3000? Noýsr

R.T. 93.0 3.00
200O? 91.1 98.8
3C00  89.2 92.8
t000- -79.5 77.6

-Ak alsis ofte 3yetaTes

urtzneturall compmeents of aircralt; are not exposed to simple 4-iz~e -
te~eratuemexosures such as ana3l'zed in t1.he previou~s section. instead,

part~s of ai.-olaes a-re exposed to 'ra-rious te~pratuzrees for var~ying i 'nr-ths

;ý-D 5-559
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M±t=- XT'T

9.2 SIAT1iCA ANA-LYSI S OF NORMXAL I =1 j~T~ RN saE M

T-7•• OF 202ý--T3 -4_AIAD V US 0"

"":idsoi--' a - ai4)2 aw 2  a(w43) 2

6i-9 6 36 i;9
-- 10 o 25 36 00 0

"" - 1!25 6! 25

Z. I >6
I, 3 11 10 36

- 2 ~ ~636

0 15 0 0 0 o 15
-2 !6 -' 1 0 -i6 i6 0
-L 10 -2 1 -20 )0 l0

5 -3 20
00 0 0 0

-1o 0 -1 25 16 0 0 0

- -12 1 -6 36 25 -6 36 25
"" S 63 -21

2s7 268
S2 7 28

-ss 240 240
3.87

SST 2 .97

Z -.

St- =,-. ) -.-657
-.- •st = 2 ,'.1 ) = 3-9•
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oof times. The sum of the individual times at each tenperature is th.n
A looked upon as the exposure experience of the metal. it is desirable to

evaluate what such a time te=pe)rature spectri will do to the strength
properties of the -aterial, and to do so in terms of the simple exposure
test data.

IIt is a simple calculation to determine the equivalent 9. or 9t for
any sequence of exposures. The procedure for calculation of Ot, for
exa-."le, of any sequence of axposures at temperatures Tly T2 , ...... T
for tie•.S tl, t 2 , ..... tn respectively, is euzmarized as follows:

1. Choose a reference temperature Tr

2. oCalculate 9? 9t O?
1, 2, n

3- ete•e tr!" tr. t" the times at Tr which would

give-. 9 9? 0 ... 91 respecttive!7.
~" 1' 2j, n

*t,. 2 r antilogio PL !,20
-. '• Tr

* 1.46

4. Add t t 2 tr to obtain tr, the total effective

• --tizes at Tr which gives the equivalent 9' for the given

se--uence of exDosures.

- - - 5. Calculate 1 = Tr (20+-.46 i•10 t-nr). 9 is

independent of the value chosen for T r.
-.-

The above procedure will be evaluated by coqnarison with the sequential
- aeXDosure test data.

* a) An-Lysis of the Ultimate Tensile Stress of 7075-T6 Alclad Sheet

The values of the modified Larscn-Miller parameter 9? for the
nine sequential exposures are indicated with their re-scti'e time
te.rnert-ature spectrum in Table XMV. The firs five spectra, although
provding good agr-ent betoween calculated values for the percent
-- ,of roo te--prature ultimate tensile stress and those obta:i-ned by
tests, ru;t not be considered as indicative of the accuracy of the

-- h- Te reason for aualifying these results is due to the fact that
the highest teperature of each sequence dominates the respective tr.

WFi)& Th 56-585 61
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SE'VU1D2TIAL EcViM3LFZE OF 7075-T6 ALCIAD

Sequential !xposure Test. ' R.T. Fty After .- cpos. % R.T. Ftu After ]Ex,.os.

8' Tie. and Temperature Terip. i£°orritiý,cd Test NorITLlized Test

r.t ::ecoid Third Fourth OF Indiv. R Indiv. R •

1 ,r. 10 hr.
1+CO°0 300OF R.T. 83.7 .883 88.0 79.8 84.8 .845 8l,.I 84.1

17,2'50 hOO 300 200 76.1 .C83 82.4 76.5 73.4 .845 76.8 73.0
4.0 300 300 69.0 .883 72.4 66.2 60.8 .8h5 61.0 58.6
400 300 L00 53.2 .883 58.3 52.6 48.4 .845 46.5 46.0

1 hr. 10 hr. 100 hr.
/7,0O°F 3COO.' 250OF R.T. 83.4 .835 83.2 '79.4 84.4 .835 83.2 83.0

17,30 4,0 3C0 250 200 75.7 .835 77.9 76.9 72.9 .835 74.8 72.7
4nO 300 250 300 6F.7 .835 68.8 66.5 60.1 .835 60.2 58.8
400 3YO .50 400 53.1 .835 56.3 53.1 /,7.6 .835 46.0 46.7

1 hr. 10 hr.
5COOF 400OF R.T. 37.7 .394 39.3 37.5 54.0 .530 52.8 54.1

19,360 500 400 200 36.2 .394 37.2 37.0 48.7 .530 47.5 46.9

500 400 300 34.1 .394 33.4 34.7 34.8 .530 38.2 33.9
500 400 400 29.0 .394 27.9 29.3 25.9 .530 29.1 25.4

1 hr. 10 hr. 100 hr.

5CO°F 400OF 3000- R.T. 37.6 .392 39.1 38.7 53.7 .524 52.3 53.7

19,3PO 500 4CO 300 200 36.0 .392 37.0 37.7 48.4 .524 47.1 45.7
500 400 300 300 34.0 .392 33.3 35.0 34.7 .524 37.8 33.1
"00 400 300 400 28.9 .392 27.8 29.1 25.8 .524 28.8 25.3

1 hr. 10 hr. 100 hr. IOGO hr.

500OF 4COF 3000F 2500? R.T. 37.4 .389 38.8 38.4 53.5 .521 51.9 53.4

19,400 500 400 300 250 200 35.8 .389 36.7 36.9 48.2 .521 46.7 45.0
500 400 300 250 300 33.8 .389 33.0 3).1 34.5 .521 37.5 32.5
500 400 300 250 400 28.8 .389 27.5 29.0 25.6 .521 28.6 25.2

1 hr. 4.8 hr. 27.6 hr. 191.7 hr.
380°F 340OF 300°F 26OOF R.T. 79.8 .792 78.9 80.7 80.9 .794 79.2 82.5

17,540 3PO 340 300 260 200 71.7 .792 74.0 79.2 68.8 .794 71.2 72.1
38O 340 300 260 300 65.5 .792 65.6 72.9 55.1 .794 57.2 62.4
3YO 340 300 260 400 50.6 .792 52.8 58.4 42.2 .794 43.7 50.4

1 hr. 4.5 hr. 23.4 hr. 145.1 hr.
4200F 380OF 340OF 300OF R.T. 57.3 .599 59.8 56.2 65.5 .656 65.4 65.6

18,370 420 380 340 300 200 54.1 .599 56.2 53.7 55.9 .656 58.8 55.3
420 380 340 300 300 48.3 .599 50.1 49.5 42.8 .656 47.2 43.2
420 380 31,0 300 400 39.8 .599 41.1 38.3 34.8 .656 36.1 33.8

1 hr. 4.2 hr. 20.2 hr. 113.4 hr.
460°F 420°F 3POF 3000F R.T. 39.8 .412 41.1 41.8 55.0 .547 54.5 56.2

19,210 460 420 380 300 200 38.4 .1112 38.8 41.1 49.5 .547 49.1 47.9

460 420 3P0 300 300 35.9 .412 34.8 38.5 36.0 .547 39.4 34.7
460 420 380 300 1,00 30.4 .412 29.0 32.8 27.0 .547 30.1 28.0

1 hr. 4.0 hr. 17.5 hr. 90.5 hr.
500OF 460OF 0 40 0 F 3V'OIF' R.T. 31.2 .336 33.5 30.8 50.1 .462 1,6.1 1,8.2

20,004 500 460 420 30 .200 30.0 .336 31.8 29.6 45.0 .462 4I1.4 43.4
500 460 420 3 0 3(x) 28.7 .336 28.8 29.2 30.6 .462 33.3 30.3

500 460 1,20 3 O 4(K) :4I.6 .336 2A.3 25.3 21.8 .462 25.4 22.Z
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Put more bluntly, the first five sequencas differ but slightly from
* a single exposure envtirozaent. It is not surprising, therefore,

"that the percent of rom temperature ultizate tene tie stress of
7075-T6 calculated utilizing the individual curves of Figure 13

- and the noralized curve of Figuze 114 correlate with the test r-
"sults to a degree comparable to the single exnosuare tests points
themselves.

The last four seauential exnosures are such that each teoer-
ature of the spectra provides equal contribution to t- and are as
true s,5quential exposures as are possible when consisting of only
"four i=dividual exposures.- Also, these last four sequential ex-
posures are in the range of 0', where R is changing the most rapidly.
This increases the meanfulness of the agrement between the caicL-
latad values of percent room teaperator-.e ultfrate tensile stress and

--- the test results. The agreement achieved utilizing the individual
curves of Figure 13 may be appraised by the average error which is
only 2% of the room temperature ultizate tensile stress. The largest
error is 8,2%. when the noralized curve of Figure 14 Is used, an
average error of slightly less than 3% of the rocy temperature ulti-
mate tensile stress is obtainecd. And the greatee4 error obtained is
"6.7%. These data are tabulated in Table XVIo

- b) Analyziz of the 2eni2e Yi:eh_ Stress of 7075-T6 A-lclad Sheet

- The values of the rodified Larson-Miller pa-rameter %• for the
nine sequential e:xposues are listed with their c-rresporling tize
temperature spectru in Table XIV. As was pointed out in (a) above,

the first five eposures provide very good agreement between calcu-
lated values and tests rerlt.s. alt these results are not to be
considered as any more than further substantiation of the accuracy
of the curves in predicting the single exposure behavior of 7075-46.
it is worth reiterating that the last four sequential exposures are
as severe in checking the val,,dity of the method of calculation as
any four-step sequential exposure can be. The substantiation ob-

• - Vtatned from these four equential exposures is, therefore, considered
S.extreleL- indicative of tVe correctness of the procedure utilized.

I.be average error between the values calculated from the individual
_._ curves and the test values of t-he last four sequences of Table M

is 2*6% of the room te.merature tensile stress. When the nor-.W'cd
.- _ curve is used to obtain the calculated valnes, this average error is

c: ;,naLysis of the Ultimate Tensile Stress of 202M-T3 Alclad Sheet

The nine sequential exposure values, G", for 2024-T3 alclad

- sheet are tsbulated in Table 1 with their respective time temer-
ature spectrum. Azain, as with the 7075-T6 sequential tests, the

* first five sequences are of no value in evaluating the method for
-U cal.culatinZ the rieclanical properties after a sequence of exposures.

WACTR 56-585 63
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TABLE IV

SEQUenTIAL EXPOSURE OF 2024-T3 ALCLAD

Seqiuential Exposure Test. %R.T. Fty After Expos. % R.T. Ftu After Expos.
EI Time and Teriperat'ure Temp. Normalized Test Normalized Test

First Second Third Fourth OF Indiv. R % Indiv. R %

1 hr. 10 hr.
5CO°F 4c00OF R.T. 103.4 1.031 103.1 105.5 88.0 .862 86.2 87.5

19,300 500 400 200 100.0 1.031 102.1 103.2 81.8 .862 81.1 80.5
500 400 300 95.6 1.031 97.3 95.4 70.2 .862 69.6 68.8
500 400 400 85.9 1.031 84.9 83.7 57.6 .862 60.3 57.7

1 hr. 10 hr. 100 hr.
500 0 F 400OF 3OO°, R.T. 103.2 1.029 103.2 106.7 87.9 .861 86.1 87.8

19,310 500 400 300 200 99.8 1.029 101.8 103.8 81.7 .861 81.0 80.4
500 400 300 300 95.4 1.029 97.0 93.1 70.1 .861 69.5 68.2
500 400 300 400 85.7 1.029 84.8 81.3 57.5 .861 60.2 56.7

1 hr. 10 hr.
600°F 500OF R.T. 53.6 .561 56.1 60.0 63.2 .669 66.9 66.3

21,350 600 500 200 52.2 .561 55.4 56.3 58.3 .669 62.2 61.8
600 500 300 48.6 .561 52.4 53.5 52.3 .669 51.6 50.8
600 500 400 44.4 .561 44.6 48.8 38.0 .669 43.0 38.4

1 hr. 10 hr. 100 hr.
6OO°F 500OF 400OF R.T. 53.0 .554 55.4 56.4 62.9 .663 66.3 62.3

21,370 600 500 400 200 51.6 .554 54.8 51.2 58.2 .663 61.6 54.9
600 500 400 300 48.2 .554 51.7 49.4 52.2 .663 51.1 46.4
600 500 400 400 44.2 .554 44.1 46.4 37.9 .663 42.6 37.5

1 hr. 10 hr. 100 hr. 1000 hr.
600OF 500°F 400OF 300OF R.T. 52.8 .552 55.2 60.6 62.8 .662 66.2 65.1

21,380 6OO 500 400 300 200 51.4 .552 54.1 56.4 58.1 .662 61.5 57.0
600 500 400 300 300 48.0 .552 51.6 54.3 52.1 .662 51.0 49.4
600 500 400 300 400 44.0 .552 43.9 49.7 37.8 .662 42.4 39.7

1 hr. 5 hr. 30 hr. 219 hr.
4650 F 420°F 3750 F 330OF R.T. 115.3 1.130 113.0 127.2 92.4 .902 90.2 99.0

18,880 465 420 375 330 200 111.1 1.130 111.9 118.8 86.0 .902 80.7 88.9
46r 420 375 330 300 104.2 1.130 106.8 108.9 73.9 .902 73.5 76.5
465 420 375 330 400 92.8 1.130 93.9 95.9 61.8 .902 64.0 64.2

1 hr. 4.6 hr. 25.2 hr. 164.0 hr.
510OF 4650F 420OF. 375 0 F R.T. 89.0 .916 91.6 101.6 82.3 .807 80.7 86.6

19,810 510 465 420 375 200 86.2 .916 90.6 92.0 75.7 .807 75.8 75.6
510 465 420 375 300 81.8 .916 86.2 83.8 65.5 .807 64.4 63.1
510 465 420 375 400 74.5 .916 74.7 74.6 52.2 .807 56.3 52.1

1 hr. 4.3 hr. 21.5 hr. 126.1 hr.
555 0 F 510OF 465cF 420OF R.T. 66.1 .699 69.9 68.2 70.2 .718 71.8 69.4

20,750 555 510 465 420 200 64.0 .699 69.2 65.3 64.6 .718 67.0 62.8
555 510 465 420 300 60.0 .699 65.4 61.1 57.1 .718 56.2 52.0
555 510 465 420 400 55.0 .699 56.2 55.6 42.3 .718 47.3 42.7

1 hr. 6.0 hr. 16.6 hr, 99.6 hr.
600OF 555oF 510°F 465°F R.T, 47.0 .469 46.9 51.7 59.3 .635 63.5 61.8

21,760 600 555 510 465 200 45.6 .469 46.4 43s3 55.0 o635 58,8 52.2
600 555 510 465 300 42.3 .469 43.7 43.5 49.3 *635 48.5 "A.4
600 555 510 1,65 400 38.7 .469 37.1 39.2 35.7 .635 40.1 33.8
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Vistra- avPraisal. of tht I-eOOjts of the fire.. five searuential1 testsw ame the calmil 2ted valizes jadIcates that the ag-eament is not as--d as rthat. of the coa~pkv.obe 707 5-T6 als tit is Judged
- .that thbe agreement b~et-ez± 1.12 callculated vablues and Ithe -e-specti've

test results for- the fi,ýrive -m-auential ejxposures of Table XV
are in c7lose- agree P-1. w-tb~ h single exposure resul~ts.

*The last _four exposura-~ kvpe-azri-g im Table XV pro-
vide a ia.-Iid ch-eck- of the o~thc4 off calcilation of the r-* --h mcal.

ro-ta "ies afe-e~su.e' ThQeSe results show an average error of
2.. when the calculateti VaLý-s are based on individual curves of

?ag.m-re 2B. iihen the no1,.dcurve o -Fiue 19 i s -,,-e basis
- -. or the cal-- a~d iallzli.s thz1 the average difference is 4.14..

7he dl fference between~ VmO~ rw ean de-iiatic-ns is CCDazrable
to t&he3 diffemence beto tol average errors ror the single,
exposure-

-)~17sis ofI th-e Tens-il- Yie3jd Zt--ess of 2024-T3

.ks for the u±''~teitelle- stress of 2024-73,. the tensille
y.ield st-ress de%.& for I.-,Ie &irxe seqtyential. exposures is given in

2al JV 'Ts -/uly - -ri-5t fivz; seque-uces are only a
further check of the sng .~~sr nlysis

th The las ofou 2equ . erpasa~3re~3 given in Table D~ provide
theche~kof theý-tho zo- alvQ~tngthe tensile yield stresw

of 202A-1-73 after 'the zattezla 3%as been exposed to a sznectruam of
ti---t~e.atu-eexposurt. in this particular case, t)'e no: -
2i~zd crve f fgam 23 ii~w 1des a lower average er~ 0."~

t he di viduail cu-rves of Yigz-e- 22 in predicting the - is--.Le
yield. S. ess. Ite nozzaze e-trv- gives an average error of
3.2ý 6Z ' the roon tezper'ýtlke twe~le ield stress and the indi-

r..ual.uresgive an a~ ae zo of 3.85. of the rocm temper-
aturee streengtcn.

e) Consideration of ae~errt~ial ýposures Koree Ccopalex than Four
Sing.le zmxsures

* AZ~O1~ no seque:%tIA, ezqoarures nore cccplex than fourr
sia'g.Le exposures meea~t~ t~
tte ass'zPation t-hat ins~ ytheatinzg of =242I-T3 am~ 7075-206

* a ~ii~alloys ie~~~~Ctruu ekn. This as~ssp-
talon has be-en =aee for a Irt-sŽ~t of -mars, baying be=n reccamndod
Dy t~he Aý -5 Bmolaetzn, --±kreng~ o,- X-etal Aircraft -Eaezmenita, ii-e

* 91;,- 7 Test. daza has b.-er obtSjled brj' the Ablin= C-apany o
whcai'~ch rtom that tQje P-oerties of 2C2,4-T4l rolled and

dawn -a and similar]i-7 the bi~rperes of 7075-T6 extended bar
do not differ auurecia Nb$ eated continruorsly or in 20
hours incr-e~nts "-d-er tj folao~da conditions:

0 :

q5
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1) At room teruerature and 3O0°F after 100 ho ir- exposure
Izto 300OFO

2) At rom te=perature and 3000-? atter 200 hours exposure
to 3000°F

3) At ro= te=peret-te "n 400°? atter 100 hom-s exposure
Lo 400°?-

4) At ro= temperature and 4000F after 200 hours exposure
.L"1,0 4000F.

These data are vublished in XCA ! 1419.

-SingleS exposures, to four different temperatures, may be con-
---idered as ten ssdnge exposures to each of four te=peratures or a
total of 40 exposures. Therefore, the test results of the last
four seanential tests tabulated in Tables 14 and 15, represent test
results aflter 0 sequential exposures vnere each of the sequaential
ex.osures ay be considered to consist of 40 exposures divided
evenly among four separate tezperatures. These Test results are
in good agreement with the calculated values. For the imdiviad•il
curves, the calculated values average L725 percent lower than the
test results and for the nor-maized curves, the calculated values
average .275 percent lower than the test results. Although the
-nor- ma'ized curves Drovided the smaller difference between calculated
"values and test results. the range vas -14.27. to A6.6& Mhile the eca-
parison between calculated values frz irdivridual cue and the test
results ranged from -126% to /6.6U. A-U of the extreme differences
ca from the 202i--T3 test results. As the sigiflicant error is
c--,ervative, the individml curves and =orzlized curves can be

used for more comzlex sequences than 40 exposures.

WAX - 5-3
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cOC~zUBiONs

Conclusions based u-.c4 zne a-mlysi:. pesamted in Ta:Bbje 171 and in th,.e previous
section =-ay be stated as ?lo;

4 Te 1-timatee ensi-e stress and tsieyedsresso 05f n
'1~-3 Aeldsheet can be- tredu cTed at -,o= te~pera-tture, 200OýF,

300XAF a--- ZrAJ0 ? afte-r single- expo--sure w~ith a 95]1 confi~dence tzat
tne r-esults ar-e 5.-hi :e5,9%Of the =esveective room t~era,-T&1Ur
stre-ss of.-' actu'-) Strength b:- usin'g the individual curve-s z-rezented

2) Th trnthpoer ;s f7- 54 and 2!T3Alclad shee can be
pre-i c ted at any teeatr fc o~t--.ýur c )? af- ez
s2.'ýýl eXDsLz-,e viha 95- coofide~e that Z:r-c results ame wt-h
7.T% of the reszectiv-e rooc- ter:perat"Lr strength Of the actual'
streng~thzb~X ui-li-n the nz ze cur-nes mresented in Figures

-6 nd 23.

3) Mae individual, cu---es of Figu-res 13, 15, 1, a-d2-c.-. uedt

*predcict tile stren-g-thm Propertzies oz- -7075-Tr6 a--. 2024-T3 Alciad sheet. at
roc~te~~ertur,ŽX)CP, 3C0 0?, amd ýEOo?' a-fter seauential- exposur-es,

-- as cc=-lez- as f-our single expjosur-es, to -eithin 06.9% of the resp-ective
- - o~ t~rtvure streng~-th Of~ tire

T) The no'_zdcurv-es of Fiur 4I, 16, v 1 a, d 23 camn be used to
precct:he strength prprisOf 7075-76 and 202,1 -T3 A~ isheetz att

exzjsurres2. as c=c-1ex as fIOUr Slage exposures, to within 8.-,,-,cof the
res~~ectiv ro z e= ez-atUre SSr.='h of t~le ti-.

*5) T'h=e -ii-' urv-es of ?iguxres 13, 15, 18, and 22 ca;--- used to
p--%di1ct zhe streng~th -XIomerzi-es of- 7fr75-f-6O and 2o2-~'- Alcded sheet. at.
-0o=- Ze3;--rat.Ur- `00c?, 3C00 ?F, and lm0ý' afte-, sealuetial exoosures aseccvglex as 10 singe exu-omures to eac -A f four- temrueoratures(!O expcsureesl
or even. m=re ccmup-lex exnosures v.itb goodareernt

T 6 e -'*e--1-2:ed clurves of ?IgF-t-es 14, 16, 19, and 23 c- -an be used to nredict
the- strength P,-Darzis of -(07t- -6 an-L 202,L-_?3 Alh steet att anyte e-

atr r~ontezrerature to -4Y)0 F after - -so-:x-z ex-pxsures a ,joe
iss cc01e:s 0 ie- exposires to each "-f noor tzeats~ e3zexposures) orce=e tor-e cc=tn--ex exposures with ::.~±ad reee
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APPENDLX I

TABULATED AND C-RAPHICAL DATA

-Su-7srized tensile properties -for each aiiov and condition
are presented in Tables .-ili throush '.

-Graphical pressntUston of the suarized tensile properties
for each alloy and condition is presented 2r, Fi4 ures 24
throu".h 105.

Hardness test data are Dresented in Tables Jai and XXII and
"Figures 104 t'_o-a Ill for both alloys.

-- e thouh-1

Tensile test results Tor eac~h specim-en are Dissent%,ed in
* ~Table XXIII thrxoul~h XMXV.
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TABLE XXI

-• ROOM TEMPERATURE ROCKWELL HARDNESS OF .064 GAGE 2024-T7 .3TCLAD
SHEET AFTER VARIOUS TEMPERATMRE-TIIG EXPOSURE CONDITIONS

Yield Ultimate Ia.-_-nessSPecimen Strength Strength RB
N=- bar psi. psiBH
2A1 15380 33860 96.52- - A2 15670 34710 95.9
2A3 15560 34440 97.0
2C29 51730 6"CiO 78.0
2C30 51560 68280 77.4
2C31 46850 60410 65.1
S.32 46860 60380 65.8
"2C" .17150 Ao44_ 66.4

-:- 2D7 25630 4660 40.4 103.8
2DB 2476 0 45 770 139.1 103.1
"2D)9 24290 4S450 38.2 103.3
2E7 37930 63320 70.6

- 2E8 38050 633,0 71.0"' 239 38050 63120 69.5
2P9 50000 62040 70.9
2F1O 49070 61800 68.6
2G9 39080 56090 61.5 100.9
2C-10 39340 156-460 60.0 111.02G!1 39870 558012 58.0 110.9
.21 M120 :596 0 23.4 98.925.4 17690 -'- 25.8 98.9
2W5 17590 39820 23.0 97.62K4 36010 52830 54.8 109.1
2K5 35940 •1•i0 54.1I 109.6
2K5 3530S09.

"2L- 56600 65530 74.9216 56270 65370 74.0
2M4 21010 40640 27.6 102.o
2MM5 20060 :3740 26.3 1C0~*] 2M6 19940 -50 24.1 iQ 456590 6^.

. 216 46630 SOU0 67.4
.: 2•7 46930 -14 -69. .0

- 2P6 59820 71170 79*-
"2P7 59630 '70950 80.8
2P8 59230 70770 7 117 -7!,
12-_ 2V! 33790 49950 108 ."
-2V2 -- 4I540 108 .•
-..¢ -- 49690
-2W 46280 59500 67.3
2W2 48570 59500 68.5
-2" 147660 60120 68.7

• .• 7R 56-585 157

:..::..:.... _ ...:..2 .. .. 2:._....._.....:.. . . . .'.. .:.. . . . . . .. [.. . . . . . . --.. . ." . .. "" ':. -



TAIIE II I=Clt'd

Rocm Texera te Rockwel Hardnes of .064 Gage 2024-T3 Alciad Sheet After
Varic-as Texpersture-Tine Exposure Conditions

Yield Ultimate Hardness
Zpacimen Strength Strength RB RH

-- s psi

4690-0 59440 66.0
47860 59910 67.8

, 48610 60490 68.2
S2Y1 42300 66460 69.4
--1 61540 68920 77.0

2"2 61460 69350 76.9
61880 69690 78.3
22AA 27160 45570 35.6 105.6

UAA2 267>00 45170 40.0 104.3

UAZ 26180 45300 34.0 105.6
27,43-0 44670 103.1
-25690 4300 102.8

*. . = 26140 41510 101.8
-- :7_9 44190 39.0 1041.3

";~2 2 2 8•0 4434-0 41.5 104.9
t26630 43750 40.2 104 .1

2DD2 41950 65850 68.3
-' - 41570 66820 68.8

241240 66360 69.0
""--*2 41730 66670 69.4

2333 41390 67230 70.1

2H1 30230 47210 41.6
2zE-12 29970 47050 42.1 !6 .

30160 47340 42.2 107.0
2ii! 23300 43210 15.9 904-
2i12 22800 41950 14.9 W.7

"21740 4i200 16.6 99.1-

2 55 56 720 67500 70.3 114..
6,6720 70.6 114.4

-144450 30 60.1 11i4

44110 el20 59.3 112.°
4.3310 a5690 58.4 I!2.0
A4280 '470 "1.0

"" 43550 •6f.i0 70.9
A42970 £•s0 71.2

T 43300 6..450 71.1

.-- 3770 0230 71.8
"2^. 44100 6-010 71.4
"44220 13540 71.5
I 2d= 44030 6440 71.5

4--. 4550 6 40 71.6
"44530 .5 '90 71.4
44700 Go540 71.7
44250 i7550 70.3

. 23-r2 445B0 C7500 69.4

n -o

S. . . .. . - *

.. ... . . .. .. . : . -, .- . -. ,... a - .- : .- -'. - - - .. ,.,.. .



TAKE XXI (Cont'd)

Room Texperature Rockireli Hardness of .06ii Gage 2024-T3 Alclad Sheet After
Various Temerature-Tim Eposure Com•iticma

Yield Ultimate Hardness
Spec imen Strength Strength RB RH
Number psi psi

2HC1 44380 67810 112.5
2HC2 44080 67910 70.2

- 2IC1 44980 68810 71.3
21C2 44670 68970 71,6
2"C1 43610 66510 69.8
"2JC2 43610 6C670 70,2
2KC! 43690 66620 69.5
2:-2 43830 o7280 70.0
2LC! 43940 67550 72.2
2LC2 43960 E79700 0.9
2:-I 43830 U7750 70.9
_2:C2 43400 67790 70.9
2NCi 44750 0670 69.7
2--C2 44460 68460 71.2
20CI 45220 689.0 71i5
20C2 45120 69140 71.3
2PC1 45500 69560 71.4
2PC2 44780 6iC.0 70.1
2Qc1 45120 66o10 112.0
2 C2 44920 68310

W. °-

0 °

- 6-8,15

'• *-..o .* ~ * -

:: S S.



S~T.AJBIS XI!

ME R ET -•T ME ROODS. HA-- DNESS OF .06, 3 7075-T6 ALC LD SHM

VARIOUS T ErALI4TUB-Tai! EXPOSU-E COmil-TI-I M

Smecir-en Yield Ultizate Hardness

liber Strength Strength PB RE

-psi z!

7-1 10o50 32840 92.6

W792 139. 3-300 92.3

7A3 1L-200 327".0C- 91.3

7C34 5 0o60 65910 73.3 n5.8

7C35 53"70 65900 74.6 15.5

7D21 54370 66340 72.4 J1;.8

7D22 25570 4L140 37.3 1o5.2.

7D23 25650 44160 35.6 104.8

7D28 25820 44240 36.2 I04.9

7F38 62540 72640 .6

7F39 62700 72800 79.5
-"F40 62700 72830 78.6
S36170 53380 55.5 u1.o

7M8 36130 53550 56.a 09.6

F7-2 31970 5i61o 53.6 i_0.6

714 65600 76910 81.o

4 715 65820 77160 79.3
71- 6 6,500 77000 80.5
-37 6322O 74840 8o.3

"T.,:8 6369o 75640 79.1 .16.3

--.1 63060 713.0 81.5
-W-6 18330 37780 97.8

2B430 37960 983.0

701 64o8o 75 000 81.0
-PJ1 6602o 76no 81.5

7FPl 65760 76210 81.2

7P12 23310 o019o 102.0

7P13 23310o 4W030 102.3

S35060% 50650 55.0 109.4

7q2 35110 50810 53.7 109.5

7Q3 34790 503o 53.8 109.1
"T-12 56010 66610 75.6
T P3- 559050 66610 74.9
W7T 55710 665-o 73.5

7U3 67310 76560 81.9

" 7U 67340 76560 89.3
7U5 67500 76720 81.o

7V0 54660 65970 74.1

"7v5 55350 66670 75.3

"7W3 53260 64540 74.4
". 53630 64950 -4.0

* TW5 55290 66193 73.4

wAXc M 56-585 160

j-
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Boom~ Te.*y*.ur Rokc- . F. - -dns -f -0( G* g --- 5T ACA h fe

Val-c Tzprau-eTA4~ Exý- (C c t o

SD-IC-- Hartea
* *Ro~ ~ ~ .~ lJ~ f~. ?V7CSA~reng&"toh

1120 .70.5.

79178050 34929O 96.9
17703 36500

17703172c. 83.7
17 650o t 3290 95.44

7!3 62A-1o 724650 103.0

,AA:. - 2& 0.
7AA2 i8~0h3120 ~ 3b104.3-:~57f 7A3YJ~. 360 332203.7

- ~126700 427-20. 102.1
Tm26-,Oo 429)0 101-.0

2- 5 93 4291-* 103-7
ICCIL 26530Q 42p30 l8 10.6
TCC2 23150 427 06102.7

* TZ4220 330 26.6 103.7
7~D.81.2 116.4

- -. 80.9 u16.2
A- 37820 5225. mu.o

7=-2 38170o 52370 5,9.5 n-2.3
38660 s5?50 590.6 110.3

7~?1ISSO35%70

Ti'3 1590 3511,0 9 .
* 7Y3159035130 9!;.6

* - GGI 20350 367190 23.0 101.1
206,00 37260 15.8 101.

*2603719D 20.3 1c:01.
7all :27~.Z0 43450 41L9 106.0

27520 I.3V-0 39.510.
724 27340 43-L50 39.5 106.3

52340 ~~68990 8. 0.
7z 2106,4"L0 81.5 105.5;

-~.61830 69..oo 81,6 106.4
38&-,- 55ý 57.2 110.8

jj2312690 52870 55.0 111.0
7ij.; 35LW0 52510%. l6

7A0 662078310o 83.2
ThC&65D077450 83.4

73C26625,x)g± 82.,c
6bolo ~ 76970 0-

IZ*7Z2 66050 768-50 81.8

1621



TABL fl (COnt'd)

-. RO~ ~1TR ocmMEL E~~v cr .061, GAGE 7Mq5-7'~

VARIOU - GFEATURF-MV-7 -KPGSURE COMM1

Yi-eld -ultinate

S:o zeion3tren.' 't, re g

* '(l66240 773,30 -51.4
'TD:;2 667260 711,650 82.4
7EfC1 66C-40 7-8550 s

A73PZ2 66720 77920 .114
67590-07509

-7GCI 66820 7788 60.4
* GC2 66450 7790 79.8-

-: 7Z166880 78130 C1I1
66020 77880 82.3

VIic 6589-0 77860 79.0
7IC-2 65640 76610 79.9
7.TC1 67250 77850 83.0

*7UJC2 67W! ~ 77850 82.0
7KCl 67900 78230 80.6
73C2 66940 78500 81.7
7zl1 66500 78320 81.2
M 001 65320 77440 802.2

7?-C1 67470 ?8690 83.5
- 7?F 67'20 78780 3.

7QC2 67040 ""920 83.2
7'lRC2 67850 7';520 83.8

:,-,67420 79520 91.8
7C2 68310 rr94--20 81.5

7MZ 68210 784-30 80.8
7TC2 68690 78750 801.3
7uc1 90 79=00 8.
7e,,2 69240 79500 81.0

55 5585 e
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